arXiv:hep-ph/0412363 v3 20 Oct 2005

hep-ph/0412363

Pentaquark Θ^+(1540) production in γN → KKN Reactions

Yongseok Oh^∗ and K. Nakayama^†

Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602, U.S.A.

T.-S.H. Lee^‡

Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, U.S.A. (Dated: October 20, 2005)

Abstract

The recent developments in the search of exotic pentaquark hadrons are briefly reviewed. We then focus on investigating how the exotic pentaquark Θ(1540) baryon production can be identified in the γN → KKN reactions, focusing on the influence of the background (non-Θ production) mechanisms. By imposing the SU(3) symmetry and using various quark model predictions, we are able to fix the coupling constants for evaluating the kaon backgrounds, the KK production through the intermediate vector meson and tensor meson photoproduction, and the mechanisms involving intermediate Λ(1116), Λ(1405), Λ(1520), Σ(1193), Σ(1385), and Δ(1232) states. The vector meson photoproduction part is calculated from a phenomenological model which describes well the experimental data at low energies. We point out that the neutral tensor meson production can not be due to π^0-exchange as done by Dzierba et al. [Phys. Rev. D 69, 051901 (2004)] because of C parity. The neutral tensor meson production is estimated by considering the vector meson exchange and found to be too weak to generate any peak at the position near Θ(1540). For Θ(1540) production, we assume that it is an isoscalar and hence can only be produced in γn → K^+K^−n and γp → K^0K^0p reactions, but not in γp → K^+K^−p and γn → K^0K^0n. The total cross section data of γp → K^+K^−p is thus used to fix the form factors which regularize the background amplitudes so that the signal of Θ(1540) in γn → K^+K^−n and γp → K^0K^0p cross sections can be predicted. We find that the predicted K^+K^− and K^+n invariant mass distributions of the γn → K^+K^−n reaction can qualitatively reproduce the shapes of the JLab data. However, the predicted Θ(1540) peak can not be identified unambiguously with the data. High statistics experiments are needed to resolve the problem. We also find that an even-parity Θ is more likely to be detected, while it will be difficult to identify an odd-parity Θ, even if it exists, from the background continuum, if its coupling constants are small as in the present quark model predictions.

PACS numbers: 13.60.Le, 13.60.Rj, 14.80.-j

∗Electronic address: yoh@physast.uga.edu †Electronic address: nakayama@uga.edu ‡Electronic address: lee@phy.anl.gov

Typeset by REVTEX 1

I. INTRODUCTION

The recent interests in pentaquark baryons was initiated by the discovery of Θ^+(1540) by the LEPS Collaboration at SPring-8 [1] and the subsequent experiments [2–14]. Candidates for exotic pentaquark states Ξ(1862) and Θ_c(3099) were also observed [15, 16]. However, the signals for those exotic states could not be found in several recent experiments [17–30]. In addition, more reports have been given on possible candidates for various crypto-exotic baryons [31–37]. The existence of pentaquark baryons is thus not conclusive at the present time.^1 In spite of this situation, it seems worthwhile at this stage to collect together in one place the various references to the literature with a brief review of major experimental and theoretical works in this rapidly expanding area of investigation.

The results from recent experiments are summarized in Tables I and II. We see that the positive (Table I) and negative (Table II) reports on the existence of Θ^+(1540) are almost equally divided.^2 In Fig. 1, the peak of the spectrum at the missing mass ∼ 1.54 GeV was identified by the LEPS group with the excitation of Θ^+(1540) in the γn → K^+K^−n process taking place in the^{12}C target. On the other hand, the spectrum obtained from the e^+e^− → pK^0X experiment at BaBar [21] does not show any resonance peak at the predicted position of Θ^+(1540) as seen in Fig. 2.

It is useful to first briefly review all of the theoretical works on pentaquark baryons which could be pure exotic or crypto-exotic. The pure exotic states can easily be identified by their unique quantum numbers, but the crypto-exotic states are hard to be identified as their quantum numbers can also be generated by three-quark states. Therefore, it is crucial to have careful analyses for their decay channels and other properties. Historically, there have been many efforts to find pentaquark states with the development of quark models,

Expt. Reaction Reference LEPS (2003) γ +^{12}C [1] DIANA (2003) K^+ + Xe [2] CLAS (2003) γ + d [3] SAPHIR (2003) γ + p [4] BBCN (2003) ν_μ(ν_μ) + A [6] CLAS (2003) γ + p [7] HERMES (2003) e + d [9] SVD (2004) p + A [10] COSY-TOF (2004) p + p [12] ZEUS (2004) e^± + p [13] JINR (2004) p + A [11] SVD (2005) p + A [14]

TABLE I: Positive reports on the evidence of Θ^+(1540) pentaquark state.

1 The most recent experimental report from the STAR Collaboration [38] would suggest the existence of a narrow Θ with isospin I ≠ 0 at a mass 1528 ± 2 ± 5 MeV.

2 For the negative reports on the existence of Ξ(1860) and Θ_c(3099), see, e.g., Refs. [39–41] and the references in Table II.

Expt. Reaction Reference BES (2004) e^+ + e^− [17] PHENIX (2004) A + A [18] ALEPH (2004) e^+ + e^− [19] SPHINX (2004) p + A [20] BaBar (2004) e^+ + e^− [21] CDF (2004) p + p̄ [24] HERA-B (2004) p + A [25] HyperCP (2004) p + A [26] Belle (2004) e^+ + e^− [27] FOCUS (2004) γ + A [28] CLAS (2005) γ + p [29] WA89 (2005) Σ^− + A [30]

TABLE II: Negative reports on the evidence of Θ^+(1540) pentaquark state.

which, however, failed to observe Θ(1540). The efforts to search for pentaquark baryons until 1980’s were summarized in Refs. [42, 43]. (See also Ref. [44].)^3 Early theoretical works on exotic baryons can be found, e.g., in Refs. [52–57].

Rigorous theoretical studies were then performed for heavy quark sector, i.e., pentaquark baryons with one anti-charmed quark or anti-bottom quark. In the pioneering work of Lipkin [58] and Grenoble group [59], the anti-charmed pentaquark with one strange quark was shown to have the same binding energy as the H dibaryon in the heavy quark mass limit and in the SU(3) limit. Then it has been studied in more sophisticated quark models [60–63], which improved the simple prediction of Refs. [58, 59] and some of them predicted no bound state. The heavy pentaquark systems are also investigated using the Skyrme model, which gives different results compared with the quark model. In this approach, the bound-state model of Callan and Klebanov [64] was applied to study the heavy pentaquark system after it was shown that the model can be successfully applied to the normal heavyquark baryons [65, 66]. In Ref. [67], Riska and Scoccola used the Skyrme Lagrangian with symmetry breaking terms to investigate the heavy pentaquark system and found that some of the non-strange heavy pentaquarks can be deeply bound and therefore stable against the decays by strong interaction. This is quite a remarkable result compared with the quark model where a nonstrange pentaquark baryon has no sufficient symmetry to be stable via the hyperfine interactions. However, this model does not satisfy the heavy quark symmetry at the infinite heavy quark mass limit [68, 70] by integrating out the heavy vector meson field. It was shown that including the heavy vector meson fields explicitly is essential for

3 In the literature we could find several resonances that were claimed to be crypto-exotic states. For example, X(1340), X(1450), and X(1640) were reported by Refs. [45, 46] and X(3520) by Ref. [47]. X(1390), X(1480), and X(1620) that have isospin I ≥ 5/2 were observed by Ref. [48], and Ref. [49] reported Σ(3170). Most of them were found to have narrow widths, but their existence was not confirmed and questioned by later experiments [50, 51]. SPHINX Collaboration has reported the existence of X(2000), X(2050), and X(2400) that are expected to have the quark content of uudss̄ [31, 32], whose existence should be carefully re-examined by other experiments.

satisfying heavy quark symmetry [72], and the model was successfully applied to heavy quark baryons [73–81]. This model was then used to study the heavy pentaquarks in Refs. [78, 82], which gives stable nonstrange pentaquark baryons, although the binding energy and the mass formulas are quite different from those of Ref. [67]. The finite mass corrections and the soliton-recoil effects are discussed in Refs. [79, 81]. The extension to strange heavy pentaquarks can be found in Ref. [83]. Following the first experimental search for heavy pentaquarks [84, 85], the observation of Θ^+(1540) and Θ_c(3099) has brought new interests in the heavy pentaquarks [86–92].

In the light quark sector, pentaquark states were anticipated already in the Skyrme model [93–96]. The first detailed study on antidecuplet was made by Diakonov et al. [97, 98], which predicted a very narrow Θ^+ with a mass around 1530 MeV by identifying N(1710) as the nucleon analogue of the antidecuplet. After the discovery of Θ^+(1540) there have been lots of theoretical models and ideas to explain the structure of pentaquark baryons and to search for the other pentaquark states. The subsequent theoretical studies include the soliton models [99–107], QCD sum rules [108–111], large N_c QCD [112–115], and lattice calculation [116–119], etc.

As the quark models have provided a cornerstone for hadron physics, it is legitimate to start with the quark models and study the structure of pentaquark baryons. In Ref. [120], Karliner and Lipkin suggested a triquark-diquark model, where, for example, Θ^+ is a system of (ud)-(uds̄). In Ref. [121], Jaffe and Wilczek advocated a diquark-diquark-antiquark model so that Θ^+ is (ud)-(ud)-s̄. In this model, they also considered the mixing of the pentaquark antidecuplet with the pentaquark octet, which makes it different from the SU(3) soliton models where the octet describes the normal (three-quark) baryon octet. Assuming that the nucleon and Σ analogues are in the ideal mixing of the octet and antidecuplet, the nucleon analogue is then identified as the Roper resonance N(1440). In Ref. [122], however, it was pointed out that the N(1710) should be excluded as a pure antidecuplet state. This is because, within SU(3) symmetry, antidecuplet does not couple to decuplet and meson octet, whereas N(1710) has a large branching ratio into πΔ channel. Therefore, mixing with other multiplets is required if one wants to identify N(1710) as a pentaquark crypto-exotic state. However, recent study for the ideal mixing between antidecuplet and octet states shows that the ideally mixed state still has vanishing coupling with the πΔ channel [123, 124], which excludes N(1440) as a pentaquark state. This shows the importance of reaction/decay studies in identifying especially crypto-exotic pentaquark states. More discussions on the quark model predictions based on the diquark picture can be found, e.g., in Refs. [122, 125]. Predictions on the antidecuplet spectrum in various quark models can be found, e.g., in Refs. [126–131]

In quark model, pentaquark baryons form six multiplets, 1, 8, 10, 10, 27 and 35. The other type resonances are thus expected together with antidecuplet, particularly the isovector Θ belonging to 27-plet and isotensor Θ as a member of 35-plet. The interest in this direction has been growing [126, 132–135] and it is important to know the interactions and decay channels to search for the other pentaquark baryons if they exist.

Furthermore, understanding the Θ^+ properties such as spin-parity requires careful analyses of production mechanisms^4 including γN → K̄Θ [143–148], γN → K̄^∗Θ [149], γN → KπΘ [150] γN → K^+K^−N [151–156], NN → Y Θ [138, 139, 142, 157], and

4 See, however, Refs. [136–142], where efforts to determine these properties, in particular the parity of the Θ^+, in a model-independent way in photo- and hadro-production reactions have been reported.

FIG. 1: Data of missing mass spectrum of^{12}C(γK^+K^−) reaction from the experiment at LEPS [1].

KN → KπN [158]. Most model predictions for those production processes, however, do not consider the intermediate pentaquark baryons in its production mechanisms as the unknown inputs like the electromagnetic and strong couplings of pentaquark baryons are required. Therefore, knowing the interaction Lagrangian of pentaquark baryons are necessary for understanding the production mechanisms.

The physical pentaquark states would be mixtures of various multiplets as in the chiral soliton model [134]. Such a representation mixing is induced by SU(3) symmetry breaking and it can be studied in quark potential models. Therefore, it is desirable to obtain the full set of pentaquark wave functions in quark model for further investigation. There are several works in this direction and the flavor wave functions of antidecuplet has been obtained in Refs. [123, 128, 129, 159]. (See also Refs. [113–115] for the relation between the wave functions of pentaquark baryons in quark model and Skyrme model in the large N_c limit.) The SU(3) symmetric interactions for antidecuplet have been studied in Refs. [122–124], which motivated the development of a chiral Lagrangian for antidecuplet [160, 161]. In a recent paper [162] the SU(3) quark model has been extended to obtain the flavor wave functions of all pentaquark states including singlet, octet, decuplet, antidecuplet, 27-plet and 35-plet. Thus the SU(3) symmetric Lagrangian describing the pentaquark–three-quark and pentaquark-pentaquark interactions with meson octet has been obtained.

From the above brief descriptions of theoretical works on pentaquark baryons, it is clear that the verification of the existence of Θ^+(1540) is a very important step in the development of hadron physics. To make progress, both experimental and theoretical efforts are needed. Experimentally, several high statistics experiments have been planned [163–167] and some data have been obtained and are under analyses. On the theoretical side, it is necessary to understand the reaction mechanisms of the considered reactions and to investigate how the pentaquark states production can be identified from the experimental observables. In particular, one must explore whether the resonance-like peaks near W ∼ 1540 MeV can be

FIG. 2: Data from e^+e^− → pK^0X experiment at BaBar [21].

resulted from the background (non-Θ production) mechanisms, as emphasized by Dzierba et al. [152]. In this paper, we report on the progress we have made in this direction concerning the γN → KKN reactions.

The γN → KKN reaction has been used to observe the production of Θ(1540) through its decay into KN [1, 3, 4, 9, 13, 25].^5 We will take the effective Lagrangian approach to assume that the amplitudes of this reaction can be computed from the tree-diagrams. In addition to the Θ production amplitude, we compute all possible background (non-Θ production) amplitudes whose parameters can be fixed by the SU(3) symmetry or taken from various quark model predictions. Undoubtedly, there are some tree-diagrams which are kinematically allowed, but can not be evaluated because of the lack of information about the relevant coupling constants. So our effort represents just a step toward developing a model for more realistic production amplitudes. But it should be sufficient for exploring the question concerning how the pentaquark Θ(1540) can be identified from the observables of γN → KKN reaction. We classify the possible tree diagrams into four types: the (tree) t-channel Drell diagrams (Fig. 3), vector meson and tensor meson production background (Fig. 4), hyperon background (Fig. 7), and the Θ(1540) production amplitude (Fig. 8).^6 Our objective is to

5 Old experiments to find the pentaquark states using this reaction can be found, e.g., in Ref. [168]. 6 The full amplitudes of the diagrams of Fig. 3 together with the hyperon and Θ production diagrams constitute the so-called Drell diagrams [169], where the incoming photon is converted into a KK pair or a KK^∗ (KK^∗) pair and then a virtual K (or K^∗) diffractively scatters on the nucleon [170, 171].

explore the interplay between these tree diagrams in determining the following reactions: γp → K^+K^−p, γn → K^+K^−n, γp → K^0K^0p, γn → K^0K^0n. (1)

The parameters as well as the form factors for evaluating these diagrams will be explained in detail in Section II and in Appendices.

There exist several investigations of the reactions listed in Eq. (1) in conjunction with the observation of Θ(1540) [151–153, 155]. (See also Refs. [172, 173].) The background tree-diagrams considered by these works are summarized in Table III. In the very first investigation of γn → K^+K^−n by Nakayama and Tsushima (NT) [151], the kaon background, vector meson background, and hyperon background are considered. But the tensor meson background was not included. Their hyperon background includes the Σ(1193) and Σ(1660) states, while the Λ baryon resonances do not come into play in the considered γn → K^+K^−n reaction because of the isospin selection rule.

The investigation of the γn → K^+K^−n reaction by Dzierba et al. (DKSTS) [152] was motivated by an old experiment [174] on π^−p → K^−X reaction which was aimed at searching for the Θ baryon(s). With 8 GeV pion beams, this experiment found two peaks at W = 1590 and 1950 MeV in the KN channel. However, these peak positions moved to 1500 and 1800 MeV as the pion beam energy was lowered to 6 GeV. They hence concluded that the most natural explanation was to ascribe the peaks to the background production mechanisms, especially to the higher-spin meson production. Motivated by this analysis, Dzierba et al. claimed the possibility that the peak at 1540 MeV in γn → K^+K^−n may come from the tensor meson photoproduction background. However, other production mechanisms such as t-channel Drell diagrams and hyperon backgrounds were not included in their investigation, as indicated in Table III. We will discuss this work in more detail later.

In Ref. [153], Roberts studied the contributions of Θ to the invariant mass distributions of γN → KKN reactions listed in Eq. (1). In addition to including many Λ and Σ baryons, he included vector meson production, but neglected the tensor meson production and the photo-transitions in the intermediate baryon states. He also explored how the γN → KKN observables can be used to distinguish the spin-parity of Θ(1540) by considering J^P =^1_2^± or 3 2 ± for Θ(1540). However, a common form factor was used for simplicity and as a result the amplitudes are not constrained by experimental data, which should be improved for more realistic models.

Titov et al. (TEHN) [155] investigated the effects of the scalar meson, vector meson, and tensor meson production background on the γN → KKN reactions. They found that the ϕ meson photoproduction due to the Pomeron-exchange is the major background mechanism. This result was obtained from using a phenomenological model which includes the meson exchanges and Pomeron exchange and can describe well the ϕ photoproduction data. The main emphasis in Ref. [155] was to explore the sensitivity and/or insensitivity of various spin asymmetries to the parity of Θ by improving on the work of Ref. [151]. However, the t-channel Drell diagrams and hyperon background were not included in this investigation. In addition, this work focused only on a special kinematic region, i.e., at the resonance point, so the invariant mass distribution, which is required to verify the existence of the Θ state, could not be discussed,

As indicated in the last row of Table III, we consider in this work all four classes of the background amplitudes. Therefore, the present work represents an extension of the work initiated by Nakayama and Tsushima [151] toward developing a more realistic model of the

Models t-channel Drell Vector meson Tensor meson Hyperon diagrams background background background NT [151] √ √ √ DKSTS [152] √ √ Roberts [153] √ √ √ TEHN [155] √ √ This work √ √ √ √

TABLE III: Comparison of the models for γN → KKN as a background for the Θ(1540) production in the literature. See the text for the details.

γN → KKN reactions in order to extract relevant information concerning the pentaquark Θ. The main challenge here is to find the coupling constants which are needed to evaluate all possible tree diagrams. Undoubtedly, no progress can be made unless some truncations and approximations are taken. We impose the SU(3) symmetry and only keep the tree diagrams whose coupling constants can be either determined from using the information given by the Particle Data Group (PDG) or taken from various quark model predictions. Thus, we only consider the rather well-known hyperons, namely, Λ(1116), Λ(1405), Λ(1520), Σ(1193), and Σ(1385) to evaluate the hyperon background (Fig. 7). The photo-transitions among those hyperons and the Δ → Nγ transition are also included. For the background amplitudes with vector meson and tensor meson production (Fig. 4), the γN → (V, T )N amplitudes are generated from the available phenomenological models which are constrained by the total cross section data of photoproduction of vector mesons (ρ, ω, ϕ) and tensor meson [a^+_2 (1320)]. We also improve the model for neutral tensor meson photoproduction of Ref. [155] by including all possible vector meson exchanges.

Another feature of our approach is regularizing each vertex in the considered tree diagrams by a form factor which depends on the mass and squared momentum of the exchanged particles. Motivated by the methods of Refs. [177–180], the current conservation is recovered by introducing contact diagrams. The details can be found in Appendix B. The cutoff parameters of the form factors are determined by the available data of the γp → K^+K^−p reaction, which are then used to compute various observables. Thus our procedure in introducing the form factors is different from all the models listed in Table III, such as no form factor in the work of Ref. [151] and the use of the same form factor for all diagrams in the approach of Ref. [153].

We are also motivated by the question concerning the quantum numbers of Θ(1540). In Ref. [4], SAPHIR Collaboration claims non-existence of Θ(1540) in K^+p channel while they could confirm the peak of Θ(1540) in K^+n channel. This leads to the conclusion that the observed Θ(1540) is isosinglet and it belongs to baryon antidecuplet.^7 However, the spin-parity quantum numbers of Θ are still under debate. Theoretically, uncorrelated quark models [128], QCD sum rules [108, 110], lattice QCD [116–118] favors odd-parity of Θ(1540), while even-parity is predicted by correlated quark models [120, 121, 129] and soliton models [97]. In addition, there is a debate on the parity of Θ in lattice calculation [119] and the parity-flip was claimed in QCD sum rules [92] with heavier anti-quark. (See

7 Flavor SU(3) symmetry allows three kinds of Θ baryons in quark models; isosinglet in antidecuplet, isovector in 27-plet, and isotensor in 35-plet [162].

FIG. 3: Drell-type diagrams for γN → KKN. Here M stands for a vector meson (V = ρ, ω) or a pseudoscalar meson (φ = π, η).

also Refs. [181–184] for the status of QCD sum rules calculation.) However, most models identify the Θ(1540) as a member of the antidecuplet with spin-1/2. We therefore will use this assumption in this work. To be more specific, we follow the observations of Ref. [4] to assume that Θ is of isosinglet and hence can only be produced via the mechanisms of Fig. 8 in γn → K^+K^−n and γp → K^0K^0p of Eq. (1). The other two processes in Eq. (1) will also be considered for providing information to constrain the background (non-Θ production) amplitude by using the available data. We will also predict how the observables of γn → K^+K^−n depend on the parity of Θ(1540), as done in Refs. [137–139, 143–149, 157, 158] for the other reactions.

This paper is organized as follows. In Section II, we present our model for KK pair photoproduction reactions listed in Eq. (1). The form of the employed effective Lagrangians is given explicitly and the determination of their coupling constants is also discussed in detail. We present our results on the total and differential cross sections in Section III. A comment on the spin asymmetries is also made. A summary is given in Sect. IV and the details for the tensor meson properties, effective Lagrangians with the couplings, and form factors are given in Appendixes.

II. KK PAIR PHOTOPRODUCTION FROM THE NUCLEON

As mentioned in Section I, we will investigate all four reactions listed in Eq. (1) by considering the tree-diagrams illustrated in Fig. 3 for the (tree) t-channel Drell mechanisms, Fig. 4 for the production through vector meson and tensor meson photoproduction, Fig. 7 for the hyperon background, and Fig. 8 for the Θ production. The effective Lagrangians needed for calculating each class of these tree diagrams will be given explicitly in the following subsections and Appendixes. The determinations of the relevant coupling constants will be discussed in detail.

A. t-channel Drell-type diagrams

For the t-channel Drell-type diagrams (Fig. 3), the incoming photon is converted into a KK pair or a KK^∗ (KK^∗) pair and then a virtual K (or K^∗) diffractively scatters on the nucleon [169–171], which gives a non-resonant background. The diagrams include the full t-channel scattering amplitudes for the KN → KN and K^∗N → KN scattering, but here we consider the tree diagrams of one-meson exchange only. For the intermediate KK pair, we consider the vector meson exchanges. The effective Lagrangians for defining these amplitudes are L_{γKK} = −ieA_μ ( K^−∂^μK^+ − ∂^μK^−K^+ ) , L_{V KK} = −ig_{V KK} ( ∂^μKV_μK − KV_μ∂^μK ) , L_{V N N} = −g_{V N N} N { γ^μV_μ − κ_V 2M_N σ^{μν} ∂_ν V_μ } N, L_{γV KK} = −eg_{V KK} K [(1 + τ_3)/2, V_μ]_+ KA^μ, (2)

where [A, B]_+ = AB + BA, V = (ρ, ω, ϕ), A_μ is the photon field, and the kaon isodoublets are defined as K = ( K^+ K^0 ) , K = ( K^−, K^0 ) . (3)

We follow Ref. [185] to set^8 g_{ρN N} = 3.1, κ_ρ = 2.0, g_{ωN N} = 10.3, κ_ω = 0.0. (4)

The exchange of ϕ meson is neglected by taking the simplest OZI rule prediction, g_{ϕN N} = 0.

We next need to define the vertices connecting the kaons and vector mesons in Fig. 3. This is done by using the following SU(3) symmetric Lagrangian, L_{V P P} = − ig_{V P P} √ 2 Tr{V_μ(P ∂^μP − ∂^μP P )}, L_{V V P} = g_{V V P} ε^{μναβ} Tr(∂_μV_ν ∂_αV_β P ), (5)

where P = (_{1√} 6 η +^{1√}_2 π · τ K

K −^{2√}_6 η ) , V = (_{1√} 2 ω +^{1√}_2 ρ · τ K^∗ K^∗ −ϕ ) . (6)

The K^∗ isodoublets are defined by the same way as in Eq. (3). The SU(3) symmetry relations lead to g_{ρKK} = g_{ωKK} = g_{ρππ} /2 = 3.02. (7) For the intermediate KK^∗ or KK^∗ pair in Fig. 3, we consider the pseudoscalar meson exchanges. The photon coupling is defined by L_{γK}∗_K = g^0_{γK}∗_K ϵ^{μναβ} ∂_μA_ν ( ∂_αK^{∗0}_β K^0 + ∂_αK^{∗0}_β K^{∗0} )

+ g^c_{γK}∗_K ϵ^{μναβ} ∂_μA_ν ( ∂_αK^{∗−}_β K^+ + ∂_αK^{∗+}_β K^− ) , (8)

with g^0_{γK}∗_K = −0.388 GeV^{−1}, g^c_{γK}∗_K = 0.254 GeV^{−1}, (9)

8 The Bonn potential gives κ_ρ ≈ 6.0 [186], which is larger than the value in Eq. (4). We found that our results on the γN → KKN reaction are not sensitive to this coupling constant.

determined from the radiative decay widths of the neutral and charged K^∗ vector mesons. The couplings involving the pseudoscalar mesons π and η are defined by L_K∗_{Kφ} = −ig_K∗_{Kφ} ( K∂^μφK^∗_μ − K^∗_μ∂^μφK ) , L_{φN N} = g_{φN N} 2M_N Nγ^μγ_5∂_μφN, (10) where φ = τ · π, η and N = (p, n)^T . We choose the usual g_{πN N} = 13.4 and use the SU(3) relation to set g_{ηN N} = 3.54. By using the experimental value for Γ(K^∗ → Kπ) and Γ(K^∗ → Kπ) = (g^2_K∗_{Kπ} /8πM^2_K∗ )p^3_π , we use

g_K∗_{Kπ} = 6.56. (11)

This value is close to the SU(3) value, g_K∗_{Kπ} = g_{ρππ} = 6.04. For g_K∗_{Kη}, we use the SU(3) relation, g_K∗_{Kη} = √ 3g_K∗_{Kπ} = 11.36 (12)

In the diagrams of Fig. 3, the KK^∗ or KK^∗ intermediate states can also interact with the nucleon via vector meson exchanges. This can be calculated from the Lagrangian derived from L_{V V P} of Eq. (5),

L_K∗_{KV} = g_K∗_{KV} ε^{μναβ} K∂_μV_ν ∂_αK^∗_β + H.c., (13)

where g_K∗_{Kρ} = g_K∗_{Kω} = g_{ωρπ} /2, g_K∗_{Kϕ} = g_{ωρπ} / √ 2. (14) The above coupling constants can then be fixed by using the hidden gauge approach [187] to set g_{ωρπ} = N_cg^2_ρ 8π^2f_π

= 14.9 GeV^{−1}, (15)

where N_c = 3, g_ρ = g_{ρππ} , and f_π = 93 MeV.

B. Vector meson background

As shown in Fig. 4, the vector meson background amplitude is determined by a vector meson photoproduction amplitude and the V → KK vertex function defined by L_{V KK} of Eq. (2). The resulting γN → KKN amplitude can be written as

M = u_N ′ (p^′)M^με_μu_N (p), (16)

where u_N (p) is the Dirac spinor of a nucleon with four-momentum p, ε_μ is the photon polarization vector, p_μ and p^′_μ are the four-momenta of the initial and final nucleon, respectively. The dynamics of Eq. (16) is contained in the following invariant amplitude, M^μ = M^{νμ}(γN → V N) g_{V KK} (q_1 + q_2)^2 − M^2_V

(q_1 − q_2)_ν F^{(i)}_V , (17)

where q_1 and q_2 are the momenta of the outgoing K and K, F^{(i)}_V depends on the channel quantum number i as well as a form factor (28) which takes into account the off-shell–ness

FIG. 4: Vector and tensor meson photoproduction contributions to γN → KKN. Here V stands for a vector meson (V = ρ, ω, ϕ) and T for a tensor meson (T = a_2, f_2).

of the intermediate vector meson. The needed coupling constants g_{V KK} with V = ρ, ω have been given in Eq. (7). For ϕ decay, we here use g_{ϕKK} = −4.49 deduced from the experimental data of Γ(ϕ → K^+K^−) [188], while the phase is taken from the SU(3) symmetry. The photoproduction amplitude M^{νμ}(γN → V N) is generated from a phenomenological model within which the blob in Fig. 4 includes Pomeron exchange, π, f_2, and other meson exchanges, and the direct and crossed nucleon terms. The details of this model can be found in Refs. [189–192] and will not be repeated here. But it should be mentioned that those models describe well the experimental data for vector meson photoproduction. The finite decay width of vector mesons is included by replacing M_V by M_V − iΓ_V /2 in Eq. (17).

C. Tensor meson background

The tensor meson photoproduction contribution to γN → KKN is particularly interesting since it was suggested in Ref. [152] that this mechanism can generate a peak near 1540 MeV in the KN invariant mass distribution of the γn → K^+K^−n reaction and hence the discovery of Θ(1540) pentaquark baryon is questionable. In this subsection, we explore this mechanism in more detail.

As illustrated in Fig. 4, the tensor meson photoproduction contribution is very similar to the vector meson photoproduction contribution. Its contribution to the γN → KKN amplitude is of the same structure of Eqs. (16)-(17) and can be written as

M = u_N ′ (p^′)M^με_μu_N (p). (18)

The main dynamics of Eq. (18) is contained in M^μ = M^{γδ,μ}(γN → T N) 2G_{T KK} M_T P_{γδ;ρσ} (q_1 + q_2)^2 − M^2_T q^ρ_1q^σ_2 F^{(i)}_T , (19)

where q_1 and q_2 are the momenta of the outgoing K and K. F^{(i)}_T includes the constant depending on the channel i and the form factor. Here the T → KK decay vertex is defined by the following tensor structure associated with a spin J = 2 particle, whose propagator contains P^{μν;ρσ} = 1 2 (g^{μρ}g^{νσ} + g^{μσ} g^{νρ}) − 1 3 g^{μν} g^{ρσ}, (20) with g^{μν} = −g^{μν} + 1 M^2_T p^μp^ν , (21)

where p^μ is the momentum of the tensor meson. The coupling constant G_{T KK} in Eq. (19) is defined by the Lagrangian L_{T KK} = − 2G_{T KK} M_T ∂_μK T^{μν} ∂_ν K, (22)

where the kaon isodoublets are defined in Eq. (3) and T^{μν} = f^{μν} or τ · a^{μν} , with f^{μν} and a^{μν} denoting the isoscalar f_2(1275) and isovector a_2(1320) tensor meson field, respectively. Some details about L_{T KK} can be found in Appendix A. Using the experimental data [188], Γ(f_2 → KK)_{expt.} ≈ 8.6 MeV and Γ(a_2 → KK)_{expt.} ≈ 5.24 MeV, Eq. (22) leads to

G_{f KK} = 7.15, G_{aKK} = 4.89. (23)

In this work, we neglect the contribution from f^′_2(1525) meson since it can be produced favorably only at energies much higher than the region considered in this work. The finite decay width of tensor mesons is included by replacing M_T by M_T − iΓ_T /2 in its propagator.

We now turn to discussing the calculations of the tensor meson photoproduction amplitude M^{αβ,μ} of Eq. (19). We note here that the tensor meson photoproduction mechanisms depend very much on the charge of the produced tensor mesons. In particular, the one-pion exchange is known [193–196] to be the dominant mechanism for charged tensor meson production, while it is not allowed in neutral tensor meson production because of C parity. Thus the claim made by Dzierba et al. [152] concerning the peak at W ∼ 1540 MeV generated by neutral tensor meson production must be re-examined. This will be our focus by exploring the contributions from the vector meson exchange mechanisms.

1. charged tensor meson photoproduction

We first calculate the charged tensor meson photoproduction, γp → a^+_2 (1320)n to explore the one-pion exchange model. This can be done by using the following interaction Lagrangian [197] which defines the a_2γπ coupling, L_{a2γπ} = g_{a2 γπ} M^2_a ε^{μναβ} ∂_μA_ν a^±_{αλ}(∂^λ∂_β π^∓). (24) The decay width Γ(a^±_2 → π^±γ) then reads

Γ(a^±_2 → π^±γ) = g^2_{a2γπ} 40π p^5_γ M^4_a

, (25)

where p_γ = (M^2_a − M^2_π )/2M_a. Using Γ(a_2 → γπ)_{expt.} ≈ 0.29 MeV, we get

g_{a2 γπ} ≈ 0.96. (26)

Then the γp → a^+_2 (1320)n amplitude due to one-pion-exchange is obtained as M^{μν,α} = √ 2g_{πN N} g_{a2γπ} M^2_a 1 (p − p^′)^2 − M^2_π ε^{ραμσ}k_ρ(q − k)^ν (q − k)_σγ_5F (M_π, (k − q)^2)), (27)

FIG. 5: Total cross section for charged tensor meson photoproduction, γp → a^+_2 (1320)n. Experimental data are from Refs. [193] (∘) and [194] (•).

where k is the photon momentum and q is the tensor meson momentum. The form factor is introduced in the form of F (M, r) = ( Λ^4 Λ^4 + (r − M^2)^2

)_2 . (28)

We adjust the cutoff Λ of the form factor to fit the total cross section of γp → a^+_2 (1320)n. With Λ = 0.45 GeV, the result is shown in Fig. 5. Therefore, we confirm that the photoproduction of charged a_2 meson can be reasonably described by the one-pion-exchange [193–196].

2. neutral tensor meson photoproduction

In Ref. [152], the authors used one-pion-exchange for neutral tensor meson photoproduction by extending the model for charged tensor meson photoproduction. However, the one-pion-exchange is not allowed for neutral tensor meson photoproduction because of the C-parity. Instead, we expect that the vector-meson exchange is the dominant process at low energies since the lightest mesons with C = −1 are the neutral vector mesons, ρ^0 and ω. At high energies, the Odderon exchange, a partner of the Pomeron with odd C parity, is suggested as the major production mechanism and in fact neutral tensor meson photoproduction process has been suggested to study the Odderon exchange [198]. Since the role of the Odderon exchange is not clearly known, especially at low energies, we will mainly consider the vector-meson exchange for the production mechanism of neutral tensor meson photoproduction in the energy region of our interest, i.e., E_γ ≤ 3 GeV.

To calculate the vector meson exchange amplitude, we need to first define the T V γ coupling, where T = f_2, a_2 and V = ρ, ω, ϕ. This can be determined by considering the tensor meson decay amplitude which can be written in the most general form as [199] ⟨γ(k)V (k^′)|T ⟩ = 1 M_T ϵ^κϵ^{′λ}ϵ^{μν} A_{κλμν} (k, k^′), (29)

Decay Decay width (keV) g_{T V γ} f_2 → ργ 254 0.14 f_2 → ωγ 27 0.048 f_2 → ϕγ 1.3 −0.022 f^′_2 → ργ 4.8 0.0145 f^′_2 → ωγ ∼ 0 ∼ 0 f^′_2 → ϕγ 104 0.10 a_2 → ργ 28 0.044 a_2 → ωγ 247 0.134 a_2 → ϕγ 0.8 −0.015

TABLE IV: Decay widths and couplings for T → V γ decay in a covariant quark model [201].

FIG. 6: Total cross section for neutral tensor meson photoproduction, (a) γp → f^0_2 (1275)p and (b) γp → a^0_2(1320)p. The dotted lines are from ρ meson exchange and the dashed lines from ω meson exchange. The solid lines are their sums.

where A_{κλμν} (k, k^′) = f_{T V γ} M^3_T

[g_{κλ}(k · k^′) − k^′_κk_λ] (k − k^′)_μ(k − k^′)_ν ]

+ g_{T V γ} [g_{κλ}(k − k^′)_μ(k − k^′)_ν + g_{λμ}k^′_κ(k − k^′)_ν + g_{λν} k^′_κ(k − k^′)_μ − g_{κμ}k_λ(k − k^′)_ν − g_{κν} k_λ(k − k^′)_μ − 2k · k^′(g_{κμ}g_{λν} + g_{κν} g_{λμ})]. (30)

The above form is known to give better descriptions of the known tensor meson radiative decays [200]. For simplicity, we will take the assumption of tensor meson dominance which leads to f_{T V γ} ≈ 0 [199]. Without the f_{T V γ} term, Eq. (30) is equivalent to that of Ref. [155] except for the factor of 2 difference in the definition of the coupling constant g_{T V γ} . In the present calculation, we take g_{T V γ} from the covariant quark model predictions [201], which gives reasonable description of the known radiative decay widths of vector and tensor mesons. These values are listed in Table IV along with the predicted decay widths. The details on the calculation of the radiative decays of tensor mesons are given in Appendix A.

With the T V γ coupling fixed and the V NN coupling defined in the previous subsection, we can write the γp → T p amplitude as M^{μν,α} = − 1 M_T A^{αβμν} (k, q − k) C_{V N N} g_{V N N} (p − p^′)^2 − M^2_V { g_{βδ} − 1 M^2_V

(p − p^′)_β (p − p^′)_δ }

× { γ^δ − i κ_V 2M_N σ^{δλ}(p − p^′)_λ } , (31)

with C_{V N N} = −1 for ρnn, and C_{V N N} = 1 for ρpp, ωpp, and ωnn. The form of A^{αβμν} (k, q−k) is defined by Eq. (30). The form factor (28) is also used here to regularize each vertex. However, the experimental data for neutral tensor meson photoproduction is very limited and uncertain and cannot be used to fix the cutoff parameter Λ.^9 To estimate their contribution, we take a relatively large cutoff Λ = 0.9 GeV to calculate the total cross sections for f^0_2 (1275) and a^0_2(1320) photoproduction. The results are shown in Fig. 6. We see that they are smaller than the charged tensor meson production cross sections shown in Fig. 5 when E_γ ≤ 5 GeV. If a smaller cutoff such as Λ = 0.45 GeV employed in Fig. 5 is used, the predicted cross sections will be even smaller. We will use Λ = 0.9 GeV in our calculation as an estimate of an upper bound of the neutral tensor meson photoproduction contribution. This will allow us to examine whether a peak near 1540 MeV in KN invariant mass can be generated by neutral tensor meson photoproduction process in the γn → K^+K^−n reaction.

From our results, we also found that in the case of a^0_2 photoproduction, the ω meson exchange is dominant, while both the ω and ρ exchanges are comparable in f^0_2 photoproduction. This is because g_{a2 ργ} /g_{a2 ωγ} ∼ 1/3 and g_{f2ργ} /g_{f2 ωγ} ∼ 3 as seen in Table IV, while g_ρ0_{N N} /g_{ωN N} ∼ 1/3. Thus the ρ meson exchange amplitude in a^0_2 photoproduction is suppressed by an order of magnitude than the ω meson exchange, while the ρ and ω meson exchanges have similar magnitude in f_2 photoproduction.^{10}

D. Hyperon background

The hyperon backgrounds for γN → KKN were considered in Refs. [151, 153]. The main difficulty in estimating the hyperon background arises from the uncertainties of the coupling parameters of the hyperon resonances (Y = Λ, Σ). We, therefore, consider only the well-known hyperon resonances, i.e., Λ(1116), Λ(1405), Λ(1520), Σ(1193), and Σ(1385). We take the pseudoscalar coupling of kaons with the spin J = 1/2 hyperons. For coupling with the spin J = 3/2 hyperons, we follow the Rarita-Schwinger formulation of Refs. [203– 207]. The resulting hyperon background tree-diagrams are shown in Fig. 7. We note that Fig. 7(d) includes the photo-transitions among the hyperons, which were not included in the

9 In this work, we do not use the data for the backward scattering cross sections for f_2 meson photoproduction of Ref. [202], which was obtained by hand-drawn curves and after corrections for unobserved decay modes.

10 Therefore, our results are different from those of Ref. [155], where only the ω exchange for a^0_2 photoproduction and only the ρ exchange for f_2 photoproduction were considered. We also calculated neutral tensor meson photoproduction in Regge model by Reggeizing the vector meson exchange amplitudes. The obtained results show that the total cross section decreases with energy as expected, but we found that the maximum values obtained in Regge model without form factor are close to the ones given in Fig. 6 with the similar photon energy.

FIG. 7: S = −1 hyperon backgrounds to γN → KKN.

previous works. Furthermore, Figs. 7(c) and (e) contain strangeness S = 0 state N^{′′}. We will only consider the possibilities that N^{′′} is either the nucleon (N) or the Delta [Δ(1232)], since the experimental information about the transitions from other higher mass nucleon resonances to hyperons is not well-known. Since we are using the pseudoscalar coupling for spin-1/2 baryons, there is no γKY N contact interaction and hence we have five diagrams, Figs. 7(a)-(e) for the intermediate Λ(1116), Λ(1405), and Σ(1193) when K^∗ intermediate state is neglected. But for spin-3/2 Λ(1520) and Σ(1385), the γKY N contact interaction is induced and we have seven diagrams, namely, Figs. 7(a)-(g) in the absence of K^∗ intermediate state. Figures 7(h)-(i) account for the effects due to K^∗ intermediate state.

The Lagrangians defining the photon coupling with K and K^∗ in Figs. 7(a), (b), (h), and (i) have been specified in Eqs. (2) and (8). The other Lagrangians used in the calculation of the diagrams in Fig. 7 are given in Appendix B in detail. There, we also discuss how the other couplings are defined by using SU(3) symmetry, experimental information, and some hadron model predictions.

FIG. 8: Exotic S = +1 pentaquark Θ contribution to γN → KKN.

E. Pentaquark contribution

The pentaquark Θ(1540) contribution to γN → KKN is depicted in Fig. 8. We first assume that it belongs to pentaquark baryon antidecuplet, which means that the Θ(1540) is an isosinglet state. In this case, Θ(1540) can contribute to, or can be observed in the reactions of γp → K^0K^0p and γn → K^+K^−n. There is still no experimental clue on the existence of isovector Θ or isotensor Θ, which are members of pentaquark 27-plet and 35- plet, respectively. So we do not consider such cases and focus on the isosinglet Θ^+ since the nonexistence of a peak at 1540 MeV in K^+p channel strongly suggests the isosinglet nature of Θ(1540), if exists. Next we assume that Θ(1540) has spin-1/2 following most hadron model predictions. There may be its higher spin resonances, but it will not be investigated in this study. However, there are strong debates on the parity of Θ(1540). Therefore, in order to study the sensitivity of the physical quantities in γN → KKN on the parity of Θ(1540), we allow the both parities. Thus the effective Lagrangians are

L_{KN Θ} = −ig_{KN Θ}ΘΓ^±K^cN + H.c.,

L_K∗_{N Θ} = −g_K∗_{N Θ}Θ ( Γ^±_μ K^{∗cμ} − κ^T_K∗_{N Θ} M_N + M_Θ Γ^∓σ^{μν} ∂_ν K^{∗c}_μ ) N + H.c.,

L_{γΘΘ} = −eΘ [ A_μγ^μ − κ_Θ 2M_N σ_{μν} ∂^ν A^μ ] Θ, (32) where Γ^± = ( γ_5 1 ) , Γ^±_μ = ( γ_μ γ_μγ_5 ) , (33) and K^c = ( −K^0 K^− ) , K^{∗c} = ( −K^{∗0} K^{∗−} ) . (34)

Here, the upper components of Γ^± and Γ^±_μ are for the even-parity Θ^+ and the lower components for the odd-parity Θ^+.

For the couplings of Θ(1540), we assume that Γ(Θ) = 1 MeV [175, 176], which is close to the value of Particle Data Group [188], 0.9 ± 0.3 MeV. We then have

g_{KN Θ} = 0.984 (0.137) (35)

for positive (negative) parity Θ. There is no information about the K^∗NΘ couplings. As in Ref. [149], we use g_K∗_{N Θ}/g_{KN Θ} = √ 3 for even parity Θ and g_K∗_{N Θ}/g_{KN Θ} = 1/ √ 3 for odd parity Θ following the quark model predictions [123, 129, 159] while neglecting the tensor coupling terms. The dependence of our results on this ratio will be discussed later. As for the magnetic moment of Θ^+(1540), we use the prediction from Ref. [208], μ(Θ) ≈ 0.1 (0.4), which gives κ_Θ ≈ −0.9 (−0.6) for positive (negative) parity Θ. However, we found that our results are not sensitive to the value of κ_Θ.

III. RESULTS

Like all of the effective Lagrangian approaches, the considered tree-diagrams shown in the previous Section need to be regularized by introducing form factors. In this work, we use the form (28) which was already used in our investigation of tensor meson photoproduction in Section II.1. Namely, a form factor of the form of Eq. (28) is introduced at each vertex for all tree-diagrams in Section II, where M is the mass of the exchanged (off-shell) particle and r is its four-momentum squared. Therefore, when it is on its mass-shell (r = M^2), the form factor becomes 1.

It is well-known that introducing form factors breaks the charge conservation condition. In order to satisfy this constraint, we extend the methods of Refs. [177–180]. Namely, we introduce contact diagrams to restore the current conservation. The details on this procedure are given and discussed in Appendix C. Some of the cutoff parameters Λ are already fixed by the available experimental data for meson photoproduction as discussed in the previous Section. For simplicity, we set the remaining cutoff parameters the same for all tree-diagrams and adjust it to fit the available experimental data of γN → KKN reactions. Obviously, it is not easy to interpret the resulting form factor theoretically. Rather it should be just considered as a part of our phenomenological approach.

A. Total cross sections

Since we assume that the Θ(1540) is a particle with isospin I = 0, strangeness S = +1 and charge Q = +|e|, the Θ production mechanisms (Fig. 8) can not take place in the γp → K^+K^−p reaction. We thus determine the cutoff parameter Λ of the form factors by fitting the available total cross section data for γp → K^+K^−p. In this way the background

FIG. 9: Total cross sections for γN → KKN reactions. The solid line is for γp → K^+K^−p, dashed line for γp → K^0K^0p, dot-dashed line for γn → K^+K^−n, and dotted line for γn → K^0K^0n. The experimental data are for γp → K^+K^−p reaction and from Ref. [209] (•) and Ref. [210] (∘). The dashed and dotted lines are close together and hard to be distinguished.

(non-Θ mechanism) amplitude can be fixed, such that the identification of the Θ from the available data of γn → K^+K^−n reaction can be assessed. With Λ = 0.9 GeV, our fit (solid curve) is shown in Fig. 9. Clearly, the data can be reproduced reasonably well. With the same cutoff parameter, we then predict the total cross sections for the other three processes listed in Eq. (1). They are also shown in Fig. 9: γp → K^0K^0p (dashed line), γn → K^+K^−n (dot-dashed line), and γn → K^0K^0n (dotted line). We can see that the cross sections for neutral K^0K^0 pair photoproduction from p (dashed curve) or n (dotted curve) are almost indistinguishable, and the cross sections for charged K^+K^− pair photoproduction (solid and dash-dot curves) are larger than those for neutral K^0K^0 pair production. The contributions from the Θ(1540) are not visible in the calculated total cross sections. The Θ can be identified only in the invariant mass distributions.

B. Invariant mass distributions

With the cutoff Λ = 0.9 GeV determined from the total cross section for the γp → K^+K^−p reaction, we can now compare our predictions of the invariant mass distributions for the γn → K^+K^−n reaction with the JLab data [3]. Unfortunately, the JLab data are not scaled properly for comparing with the absolute magnitudes of the predicted cross sections because the JLab data just show the invariant mass distributions in an arbitrary unit. We therefore simply scale the JLab data to see whether we can roughly reproduce the shape of the data within our model.^{11} This must be a very crude assumption but will be enough to

11 It should also be mentioned that the JLab data were not obtained with a single photon energy, instead the data were taken by incident electrons of 2.474 and 3.115 GeV, and the nuclear effects such as final state interactions are not properly taken into account.

FIG. 10: (a) KK, (b) KN, and (c) KN invariant mass distributions for γn → K^+K^−n at E_γ = 2.3 GeV. The experimental data are from Refs. [3]. The dashed line in (c) is obtained without the ϕ meson background and the Θ contributions. Here we assume that the Θ(1540) has even parity.

study the shape, especially the Θ peak, of the data.

The results from assuming an even-parity (odd-parity) Θ(1540) are presented in Fig. 10 (Fig. 11) at E_γ = 2.3 GeV. In both cases, we can reproduce very well the ϕ peak of the K^+K^− mass distributions [Fig. 10(a) and Fig. 11(a)]. The predicted shape in other region of the K^+K^− invariant mass also qualitatively agrees with the data.

The comparisons with the data of the K^+n mass distributions are shown in Fig. 10(c) and Fig. 11(c). Note that the JLab data were obtained from removing the ϕ → K^+K^− decay contributions at the ϕ peak and hence should only be compared with the dashed curves which are obtained from turning off the ϕ and Θ production contribution in our calculations.^{12} For completeness, our full predictions (solid curves) are also displayed in (c) of Fig. 10 and Fig. 11. We see that the peak in KN mass distribution arising from the production of the Θ(1540) is not so much pronounced as in the case of the ϕ meson peak in KK invariant mass distribution. This is mainly due to the small coupling of the Θ with KN and K^∗N. We also observe in Fig. 11(c) that the Θ(1540) peak is much smaller in the case of odd-parity Θ. Shown in (b) of Figs. 10 and 11 are the K^−n mass distribution.

By comparing the dashed curves and the experimental data in Fig. 10(c) and Fig. 11(c), we can see that the shape of the data can be reproduced well by our model except in the region near the Θ(1540) peak. The width of the peak cannot be simply judged since the broad width of the JLab data reflects the detector resolution. Besides, there are two possible interpretations of our results. First, the Θ(1540) is produced and the discrepancy between the data and the obtained curves is due to the low statistics and limited resolution of the experiment. On the other hand, the discrepancy is perhaps due to the deficiency of our model in accounting for other possible non-Θ mechanisms and the existence of Θ is questionable,

12 We turn off the Θ contribution in the dashed curves in Fig. 10(c) and Fig. 11(c) in order to show the enhancement of the Θ peak compared with the backgrounds.

FIG. 11: (a) KK, (b) KN, and (c) KN invariant mass distributions for γn → K^+K^−n at E_γ = 2.3 GeV. The experimental data are from Refs. [3]. Notations are the same as in Fig. 10. Here we assume that the Θ(1540) has odd parity.

which also includes the possibility of the contamination due to Λ(1520). As discussed in the previous Section, we are limited by the lack of information in calculating some allowed non-Θ background mechanisms. Obviously, high statistics and high resolution experiments are strongly required. The existence of Θ(1540) can be unambiguously established if and only if a very sharp resonance peak, which is very unlikely due to the background amplitudes as predicted by our model, is observed. Furthermore, an even-parity Θ is more likely to be detected, while it will be difficult to identify an odd-parity Θ, even if it exists, from the background continuum. This is because the odd-parity Θ has much smaller couplings with the KN channel than the even-parity Θ when the same decay width is assigned. Therefore, if the observed Θ(1540) has odd-parity, it must have larger decay width, at least, one order of magnitude larger than the current estimate in Ref. [188] or it should have a large coupling to the other channels [155].

To facilitate the future experimental searches, we now present our predictions for the other three processes listed in Eq. (1). In Fig. 12, we give the results for the γp → K^+K^−p reaction at E_γ = 2.3 GeV. Since we assume that Θ(1540) is isoscalar and can not contribute to this reaction, there is no peak in K^+p mass distribution. The peak in Fig. 12(b) of the K^−p mass distribution is due to the Λ(1520) of hyperon background (Fig. 7). The dashed line in Fig. 12(c) is obtained when the contributions from the ϕ and Λ(1520) are neglected in the calculation. Clearly, these two mechanisms are the major background production processes. Experimental test of our predictions presented in Fig. 12 will also be an important task to check our model of non-Θ background mechanisms which must be understood before the predictions for γn → K^+K^−n can be used to determine the existence of the Θ(1540).

The results for γp → K^0K^0p are shown in Figs. 13 and 14 for the even and odd parity Θ, respectively. We see that the Θ(1540) peak in Fig. 13 is much smaller than that in the γn → K^+K^−n reaction (Fig. 10). The peak from the odd-parity Θ(1540) is hardly to be seen in the KN invariant mass distribution in γp → K^0K^0p as shown in Fig. 14.

FIG. 12: (a) KK, (b) KN, and (c) KN invariant mass distributions for γp → K^+K^−p at E_γ = 2.3 GeV. The dashed line in (c) is obtained without the ϕ meson background and the Λ(1520) contribution.

FIG. 13: (a) KK, (b) KN, and (c) KN invariant mass distributions for γp → K^0K^0p at E_γ = 2.3 GeV. The dashed line in (c) is obtained without the ϕ meson background and the Θ(1540) contribution and magnified by a factor of 10. Here we assume that the Θ(1540) has even parity.

The results for γn → K^0K^0n are given in Fig. 15. Again, there is no contribution from the isoscalar Θ to this reaction and therefore there is no peak in the KN invariant mass distribution [Fig. 15(c)]. Here we also find that the predicted cross sections [dashed curve in Fig. 15(c)] is greatly reduced if the contributions from the ϕ and Λ(1520) productions are turned off.

FIG. 14: (a) KK, (b) KN, and (c) KN invariant mass distributions for γp → K^0K^0p at E_γ = 2.3 GeV. The dashed line in (c) is obtained without the ϕ meson background and the Θ(1540) contribution and magnified by a factor of 10. Here we assume that the Θ(1540) has odd parity. Since the contribution from Θ(1540) is suppressed, its peak is not seen in (c).

FIG. 15: (a) KK, (b) KN, and (c) KN invariant mass distributions for γn → K^0K^0n at E_γ = 2.3 GeV. The dashed line in (c) is obtained without the ϕ meson background and the Λ(1520) contribution.

C. Tensor meson photoproduction contributions

In this subsection, we discuss in more detail the contribution of the tensor meson production to the γn → K^+K^−n reaction, which is an important issue raised by Dzierba et al. [152], who indicated the possibility that the observed peak at 1540 MeV in the KN invariant mass distribution could be a false peak arising from tensor meson background.

FIG. 16: Vector meson and tensor meson contributions to KK invariant mass distributions for (a) γp → K^+K^−p, (b) γp → K^0K^0p , (c) γn → K^+K^−n, (d) γn → K^0K^0n at E_γ = 2.3 GeV. Shown in the small windows are the region of tensor meson peaks.

Their calculation of neutral tensor meson photoproduction is based on a model of pion trajectory exchange mechanism. However, as we discussed in Section II, the pion exchange is not allowed for this process because of the C parity, and the lowest allowed exchanged particles are vector mesons. Although the production mechanism used by the authors of Ref. [152] is questionable, their claim should be checked by a calculation using the vector meson exchange mechanism, as formulated in Section II.2.B.

Our calculations of the vector meson and tensor meson contributions to the KK mass distributions of the four processes listed in Eq. (1) are displayed in Fig. 16. The contributions from tensor mesons (displayed in small windows of Fig. 16) are clearly much smaller than the vector meson contributions. Furthermore, because of their large decay widths, Γ(f_2(1275)) ≈ 185 MeV and Γ(a_2(1320)) ≈ 107 MeV, the contributions from these two tensor mesons do not give distinguishable two peaks in KK mass distribution. We also note that the tensor meson peak in γp → K^+K^−p reaction is much more pronounced than in the other reactions. This is due to the isospin factors associated with the coupling constants, which define the relative phases between different contributions in each process. As seen in Table V, the resulting relative phases lead to constructive interference in γp → K^+K^−p reaction and destructive interference in the other reactions. As a result, the tensor meson peaks in the γn → K^+K^−n reaction is smaller than those in the γp → K^+K^−p reaction. Therefore, the claim raised by Ref. [152] can be checked by comparing the results from the above two reactions. Namely, if the peak at 1540 MeV in the γn → K^+K^−n reaction is coming from the tensor meson contribution, one could expect a similar or even more apparent peak at around 1540 MeV in γp → K^+K^−p reaction with the similar energy of the photon beam. The absence of such a peak in γp → K^+K^−p reported by the SAPHIR [4] and HER- MES [9] Collaborations, therefore, seems to disfavor the possibility of ascribing the peak at 1540 MeV in the KN mass distribution of γn → K^+K^−n to the tensor meson background. This, of course, should be further examined by other higher statistics experiments.

In Fig. 17, we give our results for KN invariant mass distribution coming solely from the

Reaction a^0_2 photoproduction f^0_2 photoproduction ω exchange ρ exchange a^0_2 → KK ω exchange ρ exchange f^0_2 → KK γp → K^+K^−p + + + + + + γp → K^0K^0p + + − + + + γn → K^+K^−n + − + + − + γn → K^0K^0n + − − + − +

TABLE V: Relative phases of tensor meson photoproduction contribution to the γN → KKN reaction.

FIG. 17: Tensor meson contribution to KN invariant mass distributions for (a) γp → K^+K^−p, (b) γp → K^0K^0p , (c) γn → K^+K^−n, (d) γn → K^0K^0n at E_γ = 2.3 GeV. The dot-dashed, solid, and dashed lines are at E_γ = 2.0, 2.3, and 2.6 GeV, respectively. The dot-dashed lines in (b,c,d) are suppressed and hard to be seen within the given scale.

tensor meson photoproduction part. Although their maximal values locate at around 1.56 GeV at E_γ = 2.3 GeV (solid curve), the shapes are very broad and most of the magnitudes are much smaller than the other backgrounds by about two orders of magnitude. Thus, the tensor meson contributions estimated within our model based on vector meson exchange are too weak to generate any narrow peak in the presence of other much larger background processes even if the ϕ meson background is removed. We therefore conclude that we could not verify the claim of Ref. [152]. Our results also show that, if the peak is from the tensor meson background, its position should change with different photon beam energies.

D. Double differential cross sections

The double differential cross sections are calculated for the three cases; no pentaquark, even-parity Θ(1540), and odd-parity Θ(1540). Since we are interested in the existence and parity of isoscalar Θ, we now focus on the γn → K^+K^−n reaction, which has larger cross sections than γp → K^0K^0p.

FIG. 18: Double differential cross section dσ/dm_{KN} dΩ_1 as a function of cos θ_1, where θ_1 is the polar angle of K^− in the center of mass frame, for γn → K^+K^−n with E_γ = 2.3 GeV and m_{KN} = 1.54 GeV. The dotted line is obtained without Θ(1540), while the solid (dashed) line is with even (odd) parity of Θ.

Shown in Fig. 18 is the double differential cross sections for the γn → K^+K^−n reaction at E_γ = 2.3 GeV and m_{KN} = 1.54 GeV, i.e., at the resonance point, as a function of cos θ_1, where θ_1 is the polar angle of K^− in the γN center of mass frame of which z axis is defined as the photon beam direction. In this figure, the solid line is for even-parity Θ and the dashed line for odd-parity Θ. The dotted line is for the background, i.e., without Θ. Our result shows that the differential cross sections are enhanced by the presence of even-parity Θ in the forward scattering region of K^− meson direction. This suggests that the kinematic cut for the angle of K^− would be useful to enhance the Θ peak in KN mass distributions. But for the odd-parity Θ, this enhancement is small. This difference is primarily due to the magnitude of the Θ couplings.

We have also calculated some spin asymmetries of this reaction. As discussed in Refs. [137–139], however, we cannot avoid model-dependence on the spin asymmetries in most reactions, which makes it very hard to study the parity of Θ by the spin asymmetries except some special cases like the NN reaction near the threshold. Therefore, we do not present our results on the spin asymmetries and do not make a definite conclusion on the dependence of spin asymmetries on the parity of Θ. Instead, we make a comment on the spin asymmetries of the model considered in this work. We have considered two spin asymmetries, the single photon beam asymmetry Σ_x and beam-target double asymmetry C_{BT} for the γn → K^+K^−n reaction at the same energies as in Fig. 18. (For their definitions, see Ref. [151].)

The considered asymmetries, the photon beam asymmetry and beam-target double asymmetry, were found to be rather sensitive to the parity of the Θ(1540). But in the case of beam-target double asymmetry, the difference between the odd-parity Θ and the background processes is found to be not large. Although the model-dependence is unavoidable, our model calculation shows that these spin asymmetries may have different values depending on the parity of Θ(1540), especially in the forward scattering region.^{13}

We have also calculated these asymmetries at a given angle θ_1 as functions of m_{KN} . (θ_1 = 30^∘ for Σ_x and θ_1 = 0^∘ for C_{BT}) We could find the resonance structure in these asymmetries when the Θ has even parity. For odd-parity Θ, as can be inferred from Fig. 18, its contribution is small and the resonance structure in the beam-target double asymmetry is not manifested. Thus, although the parity of Θ(1540) may not be uniquely determined by these asymmetries because of model-dependence [137], our results suggest that the resonance structure in the asymmetries can be used to verify the existence of Θ.

IV. SUMMARY

In this work, we have investigated how the γN → KKN reaction can be used to study the production and the properties of the pentaquark Θ(1540) baryon. We study the case that Θ(1540) is a spin J = 1/2 and isospin I = 0 particle, and have focused on the influence of the (non-Θ) background amplitudes due to the (tree) t-channel Drell diagrams (Fig. 3), the KK production through the intermediate vector meson and tensor meson photoproduction (Fig. 4), and the mechanisms involving intermediate Λ(1116), Λ(1405), Λ(1520), Σ(1193), Σ(1385), and Δ(1232) states (Fig. 7). The vector meson photoproduction amplitude is calculated from a phenomenological model which describes well the experimental data at low energies. The charged tensor meson production amplitude is calculated from a onepion-exchange model, which describes well the total cross section data of γp → a^+_2 (1320)n. The neutral tensor meson production part is estimated by using the vector meson exchange mechanisms. The coupling constants needed for calculating all of the considered background mechanisms are deduced from the data of decay widths by imposing the SU(3) symmetry or making use of various quark model predictions. No attempt is made to calculate other background amplitudes which are kinematically allowed but can not be computed because of the lack of experimental information. Thus the present work represents only a step toward a complete dynamical description of the γN → KKN reaction. Nevertheless, some progress has been made in assessing the existing data concerning the existence of the Θ(1540) pentaquark state.

13 Here we note that our result on the photon beam asymmetry agrees qualitatively with that of Ref. [151] which is based on a much simpler model. Although the numerical values and the structure at large K^− angles are different, these two models are consistent at least qualitatively at forward angles of the K^− momentum in the center of mass frame. In Ref. [155], it is claimed that the single and double spin asymmetries are not sensitive to the parity of the Θ(1540). We found that this comes mainly from the role of the K^∗ exchanges, Fig. 8(f,g). In Ref. [155], the authors used the signal to background ratio to constrain the ratio α ≡ g_K∗_{NΘ}/g_{KNΘ}, which leads to α = 1.875 and 8.625 for the even and odd parity Θ. As a consequence, they have the K^∗-exchange dominance in the Θ production mechanism especially in the case of odd-parity Θ, and as a result the single and double asymmetries are not sensitive to the parity of Θ. In our calculation we used α = √ 3 and 1/ √ 3 for the even and odd parity Θ following the quark model predictions. We also found that the spin asymmetries are sensitive to the parity of Θ is α < 1 for the odd parity Θ. Therefore, this illustrates the model-dependence of the asymmetries and it is very important to estimate the correct order of magnitude of α, which is, however, not possible at the present state.

The Θ(1540) production mechanism (Fig. 8) is calculated by taking 1 MeV as its decay width, which is close to the Particle Data Group value. With the background amplitude constrained by the total cross section data of γp → K^+K^−p (the considered isoscalar Θ(1540) is not allowed in the process), we find that the resulting K^+K^− and K^+n invariant mass distributions of the γn → K^+K^−n reaction can qualitatively reproduce the shapes of the JLab data although its magnitude cannot be compared. However, the predicted Θ(1540) peak can not be identified unambiguously with the data. There are two possible interpretations of our results. First, it is possible that the Θ(1540) is produced and the discrepancy between the data and our results is due to the low statistics and limited resolution of the experiment. On the other hand, the discrepancy is perhaps due to the deficiency of our model in accounting for other possible non-Θ mechanisms and the existence of Θ(1540) is questionable. Obviously, high statistics and high resolution experiments are needed. The existence of Θ(1540) can be unambiguously established if and only if a very sharp resonance peak, which is very unlikely from the background amplitudes as predicted by our model, is observed. We also find that an even-parity Θ is more likely to be detected, while it will be difficult to identify an odd-parity Θ, even if it exists, from the background continuum, unless it has much larger coupling to the K^∗N channel than the current quark model predictions and/or other relevant production mechanism(s) not considered in this work.

We have analyzed in some detail the contributions of the tensor meson to γn → K^+K^−n reaction, which is an important issue raised by Dzierba et al. [152]. (See also Ref. [211].) These authors indicated that the observed peak at 1540 MeV in the KN invariant mass distribution could be a false peak arising from tensor meson background. What we found are (1) the calculation of Ref. [152] is based on the π^0 exchange mechanism which can not take place in neutral tensor meson photoproduction if the C-parity is conserved. (2) Instead of π^0 exchange, we estimate the neutral tensor meson contributions by using the vector meson exchange model, and have found that the neutral tensor meson contribution is too weak to generate any resonance peak which can be identified with the existing data of γn → K^+K^−n reaction.

Finally, we also present the double differential cross sections and make a comment on the spin asymmetries. Our results show that some kinematic cut would enhance the peak of Θ, if exists. In the spin asymmetries, the major uncertainty comes from the ratio α ≡ g_K∗_{N Θ}/g_{KN Θ}, and our results suggest a resonance structure in some spin asymmetries, which can be measured at current experimental facilities.

Acknowledgments

We are grateful to K. Hicks, K. Joo, T. Nakano, and A.I. Titov for useful information and fruitful discussions. We also thank V. Burkert for valuable comments. Y.O. acknowledges fruitful discussions with Hungchong Kim. This work was supported by Forschungszentrum- Jülich, contract No. 41445282 (COSY-058) and U.S. DOE Nuclear Physics Division Contract No. W-31-109-ENG-38.

APPENDIX A: TENSOR MESONS

In this Appendix, we discuss the couplings of tensor mesons to hadrons and their radiative decays. Among the spin-2 tensor mesons, we are interested in f_2(1270), f^′_2(1525), and a_2(1320) as they can decay into two kaons and close to the threshold energy region of the γN → KKN reaction.^{14} The f_2(1270) and f^′_2(1525) have the quantum numbers I^G(J^{P C} ) = 0^+(2^{++}). The f_2(1270) has mass M_{f2} = 1275 MeV, width Γ_{f2} = 185.1 MeV, and it mostly decays into two pions. Some of its branching ratios are BR(f_2 → ππ) = (84.7^{+2.4}−1.3)%, BR(f_2 → KK) = (4.6 ± 0.5)%, and BR(f_2 → γγ) = (1.41 ± 0.13) × 10^{−5}.

The f^′_2(1525) has M_f ′_2 = 1525 MeV and Γ_f ′_2 = 76 ± 10 MeV. It mostly decays into two kaons and some of its branching ratios are BR(f^′_2 → KK) = (88.8 ± 3.1)% and BR(f^′_2 → γγ) = (1.23 ± 0.17) × 10^{−6}.

The a_2(1320) is an isovector tensor meson with M_{a2} = 1318 MeV and Γ_{a2} = 107 ± 5 MeV. It mostly decays into ρπ, but it decays also into two kaons, πγ, and two photons with BR(a_2 → KK) = (4.9 ± 0.8)%, BR(a_2 → π^±γ) = (2.68 ± 0.31) × 10^{−3}, and BR(a_2 → γγ) = (9.4 ± 0.7) × 10^{−6}. Note that a^0_2 → π^0γ decay is not allowed because of C-parity. By the same reason, f_2 → π^0γ is forbidden.

In our calculation, we use the coupling constants determined from the experimental data and quark model predictions. Here, we discuss the way to determine the couplings and compare the values with those obtained by assuming SU(3) symmetry and vector meson dominance.

1. Interactions with pseudoscalar mesons

Since f_2 and a_2 are spin-2 tensor mesons, we are dealing with tensor meson nonet whose members are a_2(1320), K_2(1430), f_2(1275), and f^′_2(1525). This is analogous to vector meson nonet of ρ, K^∗, ω, and ϕ.

The pseudoscalar octet is represented by an SU(3) matrix P which is defined in Eq. (6). Similarly, the tensor meson octet is represented by T_8 as

T_8 = (_{1√} 6 f_8 +^{1√}_2 a_2 K_2

K_2 −^{2√}_6 f_8 ) , (A1)

where a_2 = a_2 · τ . The Lorentz index μν is suppressed. Then the T_8P P interaction is obtained as L = gTr (T^{μν}_8 ∂_μP ∂_ν P ) , (A2)

which gives the SU(3) symmetry relations to the coupling constants.

Since f_2(1275) and f^′_2(1525) are expected to be close to ideal mixing, we introduce the tensor meson singlet f_0, whose interaction with two pseudoscalar mesons is given by

L_{f0 P P} = g √ 3 Tr (f^{μν}_0 ∂_μP ∂_ν P ) = g √ 3 f^{μν}_0 { ∂_μη∂_ν η + ∂_μπ · ∂_ν π + 2∂_μK∂_ν K } . (A3)

14 The f^′_2(1525), which mostly decays into KK, is expected to be in ss state. Therefore, its coupling to the nucleon would be suppressed. Because of its higher mass and assuming the OZI rule as the first approximation, we do not include f^′_2 photoproduction in our study of KK photoproduction processes.

Now we consider the mixing of f_8 and f_0. The physical states f_2 and f^′_2 are written as

f^′ = cos θf_8 − sin θf_0, f = sin θf_8 + cos θf_0, (A4)

where f_2 and f^′_2 are denoted by f and f^′, respectively. Then we have

g_f ′_{ππ} = g √ 3 ( 1 √ 2 cos θ − sin θ ) , g_{f ππ} = g √ 3 ( 1 √ 2 sin θ + cos θ ) , g_f ′_{KK} = − g √ 3 ( 1 √ 2 cos θ + 2 sin θ ) , g_{f KK} = g √ 3 ( − 1 √ 2 sin θ + 2 cos θ ) . (A5)

The mixing angle can be estimated from the masses of tensor meson nonet;

tan^2 θ =

3M^2_f ′ − 4M^2_{K2} + M^2_{a2} 4M^2_{K2} − M^2_{a2} − 3M^2_f

≈ 0.35, (A6)

where we have used the Gell-Mann–Okubo mass relation for squared masses of tensor mesons. This gives us θ ≈ 30.5^∘, (A7) where the ideal mixing angle is θ_{idealmixing} ≈ 35.3^∘. Note that in the case of vector meson nonet, the mixing angle is θ_V ≈ 40^∘. Therefore, we can see that the tensor meson nonet is as close to ideal mixing as the vector meson nonet.^{15}

The 2^+0^−0^− interaction is obtained as L = − 2G_{f ππ} M_f ∂_μπ · ∂_ν πf^{μν} , (A8) which gives the decay width of f_2 → ππ as

Γ(f_2 → ππ) = 2 5π G^2_{f ππ} M^4_f p^5_F , (A9)

where p_F = M_f √ 1/4 − M^2_π /M^2_f . Using Γ(f_2 → ππ)_{expt.} ≈ 156.9 MeV and Γ(f^′_2 → ππ)_{expt.} ≈ 0.623 MeV, we obtain

G_{f ππ} = 5.76, G_f ′_{ππ} = 0.33 = 0.06 G_{f ππ} . (A10)

Similarly, f → KK vertex can be obtained from L = − 2G_{f KK} M_f ∂_μK∂_ν Kf^{μν} . (A11)

Thus the decay width f_2 → KK is estimated as

Γ(f_2 → KK) = 2 15π G^2_{f KK} M^4_f p^5_F , (A12)

15 Note that we are assuming qq structure of the tensor meson, which may contain non-negligible glueball component.

which gives G_{f KK} = 7.15 = 1.24G_{f ππ} . (A13) with Γ(f_2 → KK)_{expt.} ≈ 8.6 ± 0.8 MeV. This expression can also be applied to f^′_2(1525) meson decay, and with Γ(f^′_2 → KK)_{expt.} ≈ 65 ± 5 MeV we get

G_f ′_{KK} = −11.23 = −1.95G_{f ππ} , (A14)

where the interaction is given by L = − 2G_f ′_{KK} M_f ′ ∂_μK∂_ν Kf^{′μν} . (A15) Note that f_2 and f^′_2 has the same quantum number and they are anticipated to form ideal mixing as in the case for ω and ϕ mesons. This is because f_2 mostly decays into two pions, while f^′_2 mostly into two kaons. But the presence of f_2 → KK decay implies the deviation from the ideal mixing.

In the case of a_2(1320), because of its isovector nature, the interaction Lagrangian reads L = − 2G_{aKK} M_a ∂_μKτ · a^{μν} ∂_ν K. (A16) Using Γ(a_2 → KK) ≈ 5.24 MeV, we obtain

G_{aKK} = 4.89 = 0.85G_{f ππ} . (A17)

The obtained results should be compared with the SU(3) symmetry relations, G_f ′_{ππ} = 0.10 G_{f ππ} , G_{f KK} = 1.11 G_{f ππ} , G_f ′_{KK} = −1.60 G_{f ππ} , and G_{aKK} = 1.04 G_{f ππ} . The deviation from the SU(3) symmetry relations implies the SU(3) symmetry breaking effects and possibly the non-negligible glueball components in tensor mesons. Here, in the study of KK photoproduction, we use the coupling constants determined from the measured decay widths of tensor mesons.

2. Tensor meson radiative decays

First, we consider the 2^+0^−1^− interaction such as a_2 → ρπ or a_2 → γπ decays. The interaction Lagrangian reads [197] L_{a2 γπ} = g_{a2γπ} M^2_a ε^{μναβ} ∂_μA_ν a^±_{αρ}(∂^ρ∂_βπ^∓). (A18) The coupling constant g_{a2γπ} is determined from the decay width of a^±_2 → π^±γ as

g_{a2 γπ} ≈ 0.96. (A19)

For the decays of a tensor meson into two photons, the most general form reads [199] ⟨γ(k)γ(k^′)|T ⟩ = 1 M_T ϵ^κϵ^{′λ}ϵ^{μν} A_{κλμν} (k, k^′), (A20) where the form of A_{κλμν} (k, k^′) is given by Eq. (30). With the above interaction, we have Γ(T → γγ) = M_f 20π ( 1 24 f^2_{T γγ} + g^2_{T γγ} ) . (A21)

Since Γ(f_2 → γγ)_{expt.} = 2.6 ± 0.24 keV, Γ(a_2 → γγ)_{expt.} = 1.0 ± 0.06 keV, Γ(f^′_2 → γγ)_{expt.} = 9.35 × 10^{−2} keV, (A22) we get g_{f γγ} = 0.011, g_{aγγ} = 6.9 × 10^{−3}, g_f ′_{γγ} = −1.96 × 10^{−3}, (A23) assuming f_{T γγ} = 0.

The above interaction form can be used for the interactions of a tensor meson with a vector meson and a photon, which gives Γ(T → V γ) = M_T 10π g^2_{T V γ} (1 − x)^3 ( 1 + x 2 + x^2 6 ) , (A24)

with x = M^2_V /M^2_T . There is no experimental data for this decay, so we use the predictions of Ref. [201] based on a covariant quark model, which gives a reasonable description of the known radiative decay widths of vector and tensor mesons. The predictions and the obtained coupling constants are given in Table IV.

APPENDIX B: EFFECTIVE LAGRANGIANS FOR THE HYPERON BACK- GROUNDS

In this Appendix, we present the effective Lagrangians and coupling constants used in the calculation for the hyperon background diagrams, Fig. 7.

1. Baryon octet

The baryon octet included in our calculation of Figs. 7(a)-(e) are the nucleon (N), Λ(1116), and Σ(1193). Their interactions with the photon are defined by L_{γN N} = −eN [ A_μγ^μ 1 + τ_3 2 − 1 2M_N (κ^N_s + κ^N_v τ_3)σ_{μν} ∂^ν A^μ ] N, L_{γΛΛ} = eκ^Λ 2M_N Λσ_{μν} ∂^ν A^μΛ, L_{γΣΣ} = −eΣ [ A_μγ^μT_3 − 1 2M_N (κ^Σ_s + κ^Σ_v T_3)σ_{μν} ∂^ν A^μ ] Σ, (B1)

where T^3 = diag(1, 0, −1) and

κ^N_s = 1 2 (κ_p + κ_n) = −0.06, κ^N_v = 1 2 (κ_p − κ_n) = 1.85,

κ^Λ = −0.61, κ^Σ_s = 1 2 (κ_Σ+ + κ_Σ− ) = 0.65, κ^Σ_v = 1 2 (κ_Σ+ − κ_Σ− ) = 0.81. (B2)

The numbers above are obtained by using the measured magnetic moments of the baryon octet [188], μ(p) = 2.79, μ(n) = −1.91, μ(Λ) = −0.61, μ(Σ^+) = 2.46, and μ(Σ^−) = −1.16 in the nucleon magneton unit. To calculate the photo-transition of Σ into Λ in Fig. 7(d), we use L_{γΣΛ} = eμ_{ΣΛ} 2M_N Σ^0σ_{μν} ∂^ν A^μΛ + H.c., (B3)

where μ_{ΣΛ} = −1.61 ± 0.08 as given by the Particle Data Group [188].

For meson-baryon interactions, we use the pseudoscalar coupling to write L_{KN Λ} = −ig_{ΛN K} Nγ_5ΛK + H.c., L_{KN Σ} = −ig_{ΣN K} Nγ_5τ · ΣK + H.c.. (B4) The flavor SU(3) symmetry relations evaluated with d + f = 1 give

g_{KN Λ} = − 1 √ 3 (1 + 2f)g_{πN N} , g_{KN Σ} = (1 − 2f)g_{πN N} . (B5)

By using the empirical value f/d = 0.575, which gives f = 0.365 and d = 0.635, and g^2_{πN N} /4π = 14, we get g_{KN Λ} = −13.24, g_{KN Σ} = 3.58. (B6) To calculate Figs. 7(h) and (i) with intermediate K^∗, we use the following Lagrangian, L_K∗_{N Y} = −g_K∗_{N Y} N ( γ_μY K^{∗μ} + κ_K∗_{N Y} 2M_N σ_{μν} Y ∂^ν K^{∗μ} ) . (B7)

We use the values from the new Nijmegen potential [212, 213] to define the coupling constants in the above equation, g_K∗_{N Λ} = −6.11 ∼ −4.26, κ_K∗_{N Λ} = 0.436 ∼ 0.474, g_K∗_{N Σ} = −3.52 ∼ −2.46, κ_K∗_{N Σ} = −1.0 ∼ −0.412. (B8) For our numerical calculation, the values in the right boundary are used.

2. Baryon decuplet

We now consider the couplings involving the members of the baryon decuplet, Δ(1232) and Σ^∗(1385), which are intermediate states in Figs. 7(a)-(g). The Lagrangians describing the photo-interaction of Σ^∗(1385) read

L_{γΣ}∗_Σ∗ = eΣ^∗_μA_αΓ^{α,μν}_{γΣ}∗ Σ^∗_ν , L_{γKN Σ}∗ = −i ef_{KN Σ}∗ M_K A^μ ( Σ^{∗0}_μ pK^− + √ 2Σ^{∗−}_μ nK^− − K^+pΣ^{∗0}_μ − √ 2K^+nΣ^{∗−}_μ ) , (B9)

where [204]^{16} A_αΓ^{α,μν} = { g^{μν} γ^α − 1 6 (γ^μγ^ν γ^α + γ^αγ^μγ^ν ) } A_αT_3 − 1 2M_N ( κ^{Σ∗}_s + κ^{Σ∗}_v T_3 ) σ^{αβ}∂_β A_αg^{μν} , (B10)

16 There is an ambiguity with defining the non-minimal anomalous magnetic moment term. Here we follow Ref. [204]. Other definitions are discussed in Refs. [203, 214].

and the coupling f_{KN Σ}∗ will be explained later. Since there is no experimental information for the magnetic moments of Σ(1385), we make use of the following quark model predictions [215] μ(Σ^{∗+}) = 3.15, μ(Σ^{∗0}) = 0.36, μ(Σ^{∗−}) = −2.43, (B11) to obtain κ^{Σ∗}_s = 0.36, κ^{Σ∗}_s = 1.79. (B12) We next need to construct the photo-transition Lagrangians L_{γN Δ}, L_{γΛΣ}∗ , and L_{γΣΣ}∗ .

These can be fixed by considering the radiative decays of the decuplet baryons. The most well-studied is the Δ → Nγ transition which enters into Figs. 7(c) and (e). Here we follow Ref. [205] to write

L^1_{γN Δ} = ieg_{1N Δ} 2M_N Δ^μO_{μλ}(Z)γ_ν γ_5I^3(^3_2 ,^1_2 )NF^{νλ} + H.c.,

L^2_{γN Δ} = − eg_{2N Δ} 4M^2_N

Δ^μO_{μν} (Z)γ_5I^3(^3_2 ,^1_2 )(∂_λN)F^{νλ} + H.c., (B13)

where F^{μν} is the field strength tensor of the photon, F^{μν} = ∂^μA^ν − ∂^ν A^μ, and we choose the off-shell parameters so that O_{μν} (Z) = g_{μν} . The isospin factor is calculated as

ΔI^3(^3_2 ,^1_2 )N =

√_2 3 ( Δ^+p + Δ^0n ) . (B14)

The above Lagrangians lead to the following expression for calculating the radiative decay width of the Δ,

Γ(Δ → Nγ) = p^3_γ 72πM^2_Δ ( e 2M_N )_2 {[ g_{1N Δ}(3M_Δ + M_N ) − g_{2N Δ}

M_Δ 2M_N (M_Δ − M_N )

]_2

+ 3 [ g_{1N Δ} − g_{2N Δ}

M_Δ 2M_N ]_2 (M_Δ − M_N )^2 } . (B15)

It is well-known that the g_{2N Δ} term is sensitive to the E2/M1 ratio of Δ → Nγ decay. In this calculation, however, we assume that g_{2N Δ} = 0, which gives somewhat large value, ≈ −6%, of E2/M1. However, our results show that the contributions from the ΔN transition to γN → KKN reaction are suppressed compared with the other contributions. Therefore the precise value of g_{2N Δ} is irrelevant to this calculation. Using Γ(Δ → Nγ)_{expt.} ≈ 672 keV, we then get g_{N Δ} = g_{1N Δ} ≈ 4.9, (B16) which is close to the fitted value, ≈ 5.0, of Ref. [205].

To calculate Y → Y^′γ transition in Fig. 7(d), we consider the following Lagrangian, L_{γBD} = ieg_{BD} 2M_N D^μO_{μλ}(Z)γ_ν γ_5BF^{νλ} + H.c., (B17)

where D^μ is the Σ^∗(1385) and B denotes for Λ(1116) or Σ(1193). There is no experimental information on the radiative decay widths for decuplet Σ^∗(1385) except some upper bounds. We therefore make use of the following quark model predictions [216],

Γ(Σ^{∗0} → Λγ) = 232 keV, Γ(Σ^{∗+} → Σ^+γ) = 104 keV, Γ(Σ^{∗0} → Σ^0γ) = 19 keV, Γ(Σ^{∗−} → Σ^−γ) = 2.5 keV. (B18)

The above values then fix the coupling constants of L_{γBD} as

g_Σ∗0_Λ ≈ 3.01, g_Σ∗+_Σ+ ≈ 3.38, g_Σ∗0_Σ0 ≈ 1.44, g_Σ∗−_Σ− ≈ 0.52. (B19)

We now will use the SU(3) symmetry to fix the couplings involving K mesons, baryon decuplet [Σ^∗(1385), Δ(1232)] and baryon octet [N, Λ(1116), Σ(1193)]. We start with the well-studied Lagrangian for the πNΔ interaction. We follow Refs. [206, 207] to write

L_{πN Δ} = f_{πN Δ} m_π Δ^μO_{μν} (Z)I(^3_2 ,^1_2 ) · ∂_ν πN + H.c., (B20)

where the isospin transition matrix reads

I(^3_2 ,^1_2 ) · π = −I^{(+1)}_{3/2,1/2}π^+ + I^{(−1)}_{3/2,1/2}π^− + I^{(0)}_{3/2,1/2}π^0, (B21)

with

I^{(+1)}_{32}

,^1_2 = 1 √ 6

√ 6 0 0 √ 2 0 0 0 0 , I^{(0)3}_2 ,^1_2 = 1 √ 6 0 0 2 0 0 2 0 0 , I^{(−1)3}_2 ,^1_2 = 1 √ 6 0 0 0 0 √ 2 0 0 √ 6 . (B22)

With O_{μν} (Z) = g_{μν} [206, 207] (see also Ref. [203]), the Δ → πN decay width can be written as Γ(Δ → Nπ) = p^3_π 24π ( f_{πN Δ} M_π )_2 1 M^2_Δ [ (M_Δ + M_N )^2 − M^2_π ] . (B23)

Using M_Δ = 1232 MeV and Γ(Δ → Nπ) = 120 MeV, we get^{17}

f_{πN Δ} = 2.23. (B24)

With the πNΔ coupling fixed, we then use the SU(3) relations, f_{KΣΔ} M_K = − f_{πN Δ} M_N , f_{KN Σ}∗ = 1 √ 6 f_{KΣΔ}, (B25)

to obtain

L_{KΣΔ} = f_{KΣΔ} M_K Δ^μI(^3_2 ,^1_2 ) · Σ∂_μK + H.c., L_{KN Σ}∗ = f_{KN Σ}∗ M_K ∂_μK Σ^{∗μ} · τ N + H.c.. (B26)

where f_{KΣΔ} ≈ −7.88, f_{KN Σ}∗ ≈ −3.22. (B27)

In the numerical calculation, we use f_{KN Σ}∗ = −2.6, which is within the range of SU(3) symmetry breaking.

17 If we use the pole mass M_Δ = 1211 MeV, we get f^′_{πNΔ} = 2.56. In Ref. [185], f_{πNΔ} is estimated to be 2.05–2.12.

The diagrams of Figs. 7(c) and (e) can have K interactions with the baryon decuplet Σ(1385) and Δ. To determine these couplings using SU(3) relations, we again start with the πΔΔ interaction, which reads

L_{πΔΔ} = f_{πΔΔ} M_π Δ^αO_{αβ}(Z)γ_μγ_5I(^3_2 ,^3_2 ) · ∂^μπO^{βδ}(Z)Δ_δ. (B28)

By using the quark model prediction [217] f_{πΔΔ}/f_{πN N} = 4/5 ( f_{πN N} = g_{πN N}^{Mπ}_{2MN} ), we find f_{πΔΔ} ≈ 0.8. The SU(3) relation

f_{KΔΣ}∗ = − √ 3 2 f_{πΔΔ} M_K M_π ≈ 3.46, (B29)

then fixes the following Lagrangian for KΔΣ^∗ interaction

L_{KΔΣ}∗ = f_{KΔΣ}∗ M_K Δ^αO_{αβ} (Z)γ_μγ_5O^{βδ}(Z)I(^3_2 ,^1_2 ) · Σ^∗_δ ∂^μK. (B30)

Finally, we consider the interactions of baryon decuplet [Σ^∗(1358)] with the vector mesons (K^∗) in Figs. 7(h) and (i). In order to use the SU(3) symmetry relation, we start with the ρNΔ interaction,

L_{ρN Δ} = i f_{ρN Δ} M_ρ Δ^σO_{σμ}(Z)γ_5γ_ν T (^3_2 ,^1_2 ) · (∂^μρ^ν − ∂^ν ρ^μ)N, (B31)

where the coupling constant can be fixed by the quark model relation [186],

f_{ρN Δ} = f_{πN Δ}g_{ρN N} f_{πN N} M_ρ 2M_N (1 + κ_ρ). (B32)

By using g_{ρN N} = 3.1 and κ_ρ = 1.0, we find f_{ρN Δ} ≈ 5.5. This should be compared with the range 3.5–7.8 of Ref. [218]. By using the SU(3) relation

f_K∗_{N Σ}∗ = − f_{ρN Δ} √ 6 M_K∗ M_ρ ≈ 2.59, (B33)

we then fix the K^∗NΣ^∗ coupling,

L_K∗_{N Σ}∗ = i f_K∗_{N Σ}∗ M_K∗ (∂^μK^{∗ν} − ∂^ν K^{∗μ})Σ^{∗σ} · τ O_{σμ}γ_5γ_ν N. (B34)

With the above Lagrangians, we can evaluate all diagrams in Fig. 7 by specifying the propagator of spin-3/2 Σ^∗(1385) and Δ(1232). Here we follow Refs. [203, 204] and use the following Rarita-Schwinger form for the propagator of a spin-3/2 particle of a mass M_Y ∗ and momentum p, Δ̃_{μν} (Y^∗, p) = −i p^2 − M^2_Y ∗

Δ_{μν} (Y^∗, p), (B35)

where

Δ_{μν} (Y^∗, p) = (p/ + M_Y ∗ )S_{μν} (Y^∗, p) −

2(p^2 − M^2_Y ∗ ) 3M^2_Y ∗

[γ_μp_ν + γ_ν p_μ − γ_μ(p/ − M_Y ∗ )γ_ν ] , (B36)

with S^{μν} (Y^∗, p) = −g^{μν} + 1 3 γ^μγ^ν + 1 3M_Y ∗ (γ^μp^ν − γ^ν p^μ) + 2 3M^2_Y ∗ p^μp^ν . (B37)

The decay width of the decuplet is included by replacing M_Y ∗ by M_Y ∗ − iΓ_Y ∗ /2 in the propagator. Similar form of the propagator is also used for N^{′′} = Δ in evaluating Fig. 7(c) and (e).

3. Λ(1405)

The Λ(1405) with J^P =^1_2^− is also included in our calculation of Fig. 7(a)-(e). Its decay width is Γ = 50 ± 2 MeV and it mostly decays into the Σπ channel. To get its coupling with K, we consider scalar coupling SU(3) Lagrangian,

L_{Λ1} = −ig_{Λ1} Λ_1 ( KN + K_cΞ + Σ · π + Λη ) + H.c., (B38)

where Λ_1 is the Λ(1405) field. This leads to

Γ(Λ(1405) → Σπ) =

3g^2_{Λ1} 4π p_π M_{Λ1} (√ M^2_Σ + p^2_π + M_Σ ) , (B39)

where M_{Λ1} is the mass of Λ(1405) and p_π = √ λ(M^2_{Λ1} , M^2_Σ, M^2_π )/(2M_{Λ1} ) with

λ(x, y, z) = x^2 + y^2 + z^2 − 2(xy + yz + zx). (B40)

So using Γ(Λ(1405) → Σπ)_{expt.} ≈ 50 MeV, we obtain g_{Λ1} ≈ 0.13 and the needed KNΛ(1405) coupling can be computed from Eq. (B38).

Figure 7(d) can have γΛ_1Λ_1 vertex. This is calculated from

L_{γΛ1 Λ1} = eκ_{Λ1} 2M_N Λ_1σ_{μν} ∂^ν A^μΛ_1, (B41)

where κ_{Λ1} is the magnetic moment of Λ(1405). There is no experimental information for the magnetic moment of Λ(1405). So we have to reply on model predictions. It has been estimated to be 0.22 ∼ 0.25 in Skyrme model [219] and 0.24 ∼ 0.45 in a unitarized chiral perturbation theory [220]. Here we use κ_{Λ1} = 0.25 in the nucleon magneton unit.

For the intermediate hyperon state in Fig. 7(d), we also include Λ(1405) → Λ(1116)γ and Λ(1405) → Σ(1193)γ couplings. They are defined by

L_{γY Λ1} = eg_{γY Λ1} 4(M_{Λ1} + M_Y )

Λ_1γ_5σ_{μν} Y F^{νμ} + H.c., (B42)

which leads to Γ(Λ_1 → Y γ) = α_{em}g^2_{γY Λ1} p^3_γ (M_{Λ1} + M_Y )^2

, (B43)

where p_γ = (M^2_{Λ1} − M^2_Y )/(2M_{Λ1} ). By using the quark model predictions [216]

Γ(Λ(1405) → Λγ) = 143 keV, Γ(Λ(1405) → Σ^0γ) = 91 keV, (B44)

the parameters for L_{γY Λ1} are then fixed as

g_{γΛΛ1} ≈ 2.67, g_{γΣΛ1} ≈ 3.34. (B45)

The predicted decay width Γ(Λ(1405) → Σ^{∗0}(1385)γ) = 0.3 keV is suppressed and not considered in this calculation.

4. Λ(1520)

We now consider the calculations of Fig. 7 with Y = Λ(1520) which is a J^P =^3_2^− state. There is no information for the magnetic moment of Λ(1520). We therefore neglect the tensor coupling of the electromagnetic interaction of Λ(1520) by setting μ[Λ(1520)] = 0. The coupling of Λ(1520) with photon thus has the same form as the L_{γΣ}∗_Σ∗ in Eq. (B9) except that Λ(1520) is a neutral particle.

For the KNΛ(1520) (denoted as Λ^′) and γKNΛ(1520) couplings, we write L_{KN Λ}′ = f_{KN Λ}′ M_K Λ^μγ_5∂_μKN + H.c., L_{γKN Λ}′ = ie f_{KN Λ}′ M_K A^μΛ_μγ_5K^−p + H.c.. (B46)

where Λ^μ is the Λ(1520) field. This gives the decay width of Λ(1520) → NK as

Γ[Λ(1520) → NK] = 1 6π ( f_{KN Λ}′ M_K )_2 p^3_K M_Λ′ (√ M^2_N + p^2_K − M_N ) . (B47)

Using Γ[Λ(1520) → NK]_{expt.} ≈ 7 MeV, we have f_{KN Λ}′ ≈ 10.92. (B48) Figure 7(d) also includes the photon transition between Λ(1520) and other hyperons.

This is calculated by using the following Lagrangian [207], L_{γY Λ}′ = ieg_1 2M_Y Λ^μO_{μλ}γ_ν Y F^{νλ} − eg_2 4M^2_Y

Λ^μO_{μν} (∂_λY )F^{νλ}. (B49)

Then we have

Γ(Λ^′ → Y γ) = α_{em}p^3_γ 48M^2_RM^2_Y [{ g_1(3M_R + M_Y ) − g_2 M_R 2M_Y (M_R − M_Y )

}_2

+ 3 ( g_1 − g_2 M_R 2M_Y )_2

(M_R − M_Y )^2 − 8g_2M^2_R ( 2g_1 − g_2 M_R 2M_Y )] . (B50)

For L_{γΛΛ}′ , we use the data Γ[Λ(1520) → Λγ]_{expt.} = 159 ± 33 ± 26 keV [221]^{18} and set g_2 = 0 as in the case of Δ → Nγ to get g_1 ≈ 1.46. (B51) For the photo-transitions of Λ(1520) to other hyperons, we again are guided by the quark model predictions Ref. [216],

Γ[Λ(1520) → Σγ] = 74 keV, Γ[Λ(1520) → Λ(1405)γ] = 0.2 keV, Γ[Λ(1520) → Σ^∗γ] ∼ 0. (B52) As the decay widths of Λ(1520) → Σ^∗γ and Λ(1405)γ are negligible, we only consider the coupling with the Σγ channel. Using Γ[Λ(1520) → Σγ] = 74 keV and also setting g_2 = 0, we get L_{γΣΛ}′ with g_1 ≈ 1.39.

With the above four subsections, we have constructed the Lagrangians for calculating all diagrams in Fig. 7. We now turn to discussing Θ production mechanisms.

18 The new measurement of the CLAS collaboration [222], 167 ± 43^{+26}−12 keV, is consistent with the value of Ref. [221].

APPENDIX C: FORM FACTORS AND CURRENT CONSERVATION

Here, we discuss how we restore current conservation with the form factors in the form of Eq. (28). Introducing form factors breaks current conservation. So, motivated by the works of Refs. [177–180], we restore current conservation by introducing contact diagrams, which effectively changes the form factors of some diagrams into a universal form factor. For example, let us assume that we have two diagrams, a and b, and, when combined, these two diagrams satisfy current conservation without form factors. The corresponding form factors F_a and F_b as functions of Mandelstam variables break current conservation. Introducing contact diagrams effectively gives the universal form factor which is a constant [177] or in the form of [179], F_a, F_b → 1 2 (F_a + F_b) (C1)

so that the current conservation condition is satisfied. It was pointed out by Ref. [180] that such a choice would not satisfy crossing symmetry and another form was suggested, although not unique, F_a, F_b → 1 − (1 − F_a)(1 − F_b). (C2)

In this work, since we have three-body final state, we extend the above method to the diagrams which spoil current conservation due to form factors. But we do not make any modification to the purely transverse amplitudes, such as the terms with K^∗ exchanges and photo-transitions among hadrons, which are constructed to be gauge-invariant by themselves individually. For later use, we define the Mandelstam variables as

s = (k + p_1)^2, s_1 = (q_1 + q_2)^2, s_2 = (q_1 + p_2)^2, s_3 = (q_2 + p_2)^2, t_1 = (k − q_1)^2, t_2 = (k − q_2)^2, t_3 = (k − p_2)^2, t_4 = (p_1 − q_1)^2, t_5 = (p_1 − q_2)^2, t_6 = (p_1 − p_2)^2, (C3)

where the momenta of the initial photon and the nucleon are k and p_1, respectively, while those of K, K, and the final nucleon are q_1, q_2, and p_2, respectively.

1. t-channel Drell diagrams

Among the possible (tree) t-channel Drell diagrams depicted in Fig. 3, those diagrams with intermediate K^∗ have transverse amplitude only, i.e., each diagram satisfied current conservation individually and introducing form factors does not spoil the current conservation condition. The current conservation problem occurs only when we have intermediate K and K mesons, namely, γp → K^+K^−p and γn → K^+K^−n, since they do not contribute to the reactions of γp → K^0K^0p and γn → K^0K^0n. Then the amplitude takes a form of

M^μ = M^μ_a F_a + M^μ_b F_b + M^μ_c F_c, (C4)

where

F_a = F(t_2, M^2_K )F(t_6, M^2_V ), F_b = F(t_1, M^2_K )F(t_6, M^2_V ), F_c = F(t_6, M^2_V ), (C5)

where

F(t_2, M^2_K ) = F (t_2, M^2_K )^2, F(t_1, M^2_K ) = F (t_1, M^2_K )^2, F(t_6, M^2_V ) = F (t_6, M^2_V )^2, (C6) and the form of F (r, M^2) is defined in Eq. (28). One can verify that the amplitude (C4) satisfies current conservation condition when the form factors are set to be 1,

k · M = k · (M_a + M_b + M_c) = 0. (C7)

The condition, k · M, is satisfied by introducing the contact diagrams, which effectively replaces F_a, F_b, and F_c by 1 − (1 − F_a)(1 − F_b)(1 − F_c). (C8)

2. Vector meson and Tensor meson parts

Since the form factors and their cutoff parameters are fixed by vector meson photoproduction and tensor meson photoproduction processes where the vector or tensor mesons are on mass-shell, we need to include the form factors in order to take into account the off-shell–ness of the intermediate vector/tensor mesons. Furthermore, the amplitudes M^{μν} of Eq. (17) and M^{μ,αβ} of Eq. (19) are constructed to satisfy the current conservation condition. So the form factor which should be multiplied in addition to the form factors for vector/tensor meson photoproduction part reads

F = F (s_1, M^2)^2, (C9)

where M is the (produced) vector meson or tensor meson mass.

3. Intermediate hyperons

a. Intermediate spin-1/2 hyperons

In this case, since we adopt the pseudoscalar coupling, we have five diagrams as shown in Figs. 7(a)-(e). The possible intermediate states are Λ(1116), Λ(1405), and Σ(1193). We first consider the case of Σ(1193), which have the properties as

k · M^n_c = 0, k · M^{Σ0}_d = 0, k · M^n_e = 0, k · M^{Σ+}_d = k · M_b + k · M_a = −k · M^p_e − k · M^p_c , k · M_a + k · M^p_c = 0, k · M_b + k · M^p_e = 0, (C10)

where the superscripts p, n denote the proton and neutron, respectively, and the subscripts specify the diagram in Fig. 7.

For γp → K^+K^−p, we have

M^μ = M^μ_a F_a + M^μ_b F_b + M^{p,μ}_c F_c + M^{Σ0 ,μ}_d F_d + M^{p,μ}_e F_e. (C11)

Because of the properties of Eq. (C10), we have k · M = 0 without form factors. Since the amplitudes M_a and M_c correspond to a part of Λ photoproduction, which should have nontrivial form factors, we replace the form factors as

F_a, F_c → {1 − (1 − F (t_2, M^2_K )^2)(1 − F (s, M^2_N )^2)}F (s_2, M^2_Σ)^2. (C12)

Similarly, F_b, F_e → {1 − (1 − F (t_1, M^2_K )^2)(1 − F (t_3, M^2_N )^2)}F (t_5, M^2_Σ)^2, (C13) so that current conservation is now satisfied with the form factors.

For γp → K^0K^0p, we have M^μ = 2(M^{p,μ}_c F_c + M^{Σ+,μ}_d F_d + M^{p,μ}_e F_e), (C14) where the form factors F_c, F_d, and F_e are replaced by 1 − (1 − F_c)(1 − F_d)(1 − F_e). (C15) For γn → K^+K^−n, we have M^μ = 2(M^μ_a F_a + M^μ_b F_b + M^{n,μ}_c F_c + M^{Σ− ,μ}_d F_d + M^{n,μ}_e F_e), (C16) where the form factors F_a, F_b, and F_d are replaced by 1 − (1 − F_a)(1 − F_b)(1 − F_d). (C17) Since M^{n,μ}_c and M^{n,μ}_e are transverse, the form factors F_c and F_e are not changed.

For γn → K^0K^0n, we have M^μ = M^{n,μ}_c F_c + M^{Σ0,μ}_d F_d + M^{n,μ}_e F_e. (C18) Since all the amplitudes are transverse, they are gauge invariant.

The intermediate Λ(1116) and Λ(1405) states are the same as the case of Σ^0. As a consequence, these intermediate states do not exist for the γp → K^0K^0p and γn → K^+K^−n reactions. We replace the form factors as in Eq. (C11) for γp → K^+K^−p. The amplitudes for γn → K^0K^0n are all transverse.

b. Intermediate spin-3/2 hyperons The intermediate states Σ(1385) and Λ(1520) contain seven diagrams shown in Figs. 7(a)- (g), which satisfy k · M^n_c = 0, k · M^{Σ∗0}_d = 0, k · M^n_e = 0, k · M^{Σ∗+}_d = −k · M^{Σ∗−}_d = −k · M^p_c − k · M^p_e , k · M_a + k · M^p_c + k · M_f = 0, k · M_b + k · M^p_e + k · M_g = 0, (C19) for the case of intermediate Σ^∗(1385).

For γp → K^+K^−p, we have

M^μ = M^μ_a F_a + M^μ_b F_b + M^{p,μ}_c F_c + M^{Σ∗0 ,μ}_d F_d + M^{p,μ}_e F_e + M^μ_f F_f + M^μ_g F_g. (C20) In this case, the direct application of the method of Ref. [180], F_a, F_c, F_f → 1−(1−F_a)(1−F_c)(1−F_f ), F_b, F_e, F_g → 1−(1−F_b)(1−F_e)(1−F_g), (C21) cannot be used. This is because the above form factor becomes 1 if, for example, any of (F_a, F_c, F_f ) is 1. And this in fact happens when the intermediate Σ^∗ becomes on mass-shell, s_2 = M^2_Σ∗ since F_f = F (s_2, M^2_Σ∗ )^2. Since these diagrams are a part of photoproduction of K and Σ^∗, this means that those amplitudes have no form factor. Therefore, instead of Eq. (C21), we replace the form factors as F_a, F_c, F_f → {1 − (1 − F (t_2, M^2_K )^2)(1 − F (s, M^2_N )^2)}F (s_2, M^2_Σ∗ )^2, F_b, F_e, F_g → {1 − (1 − F (t_1, M^2_K )^2)(1 − F (t_3, M^2_N )^2)}F (t_5, M^2_Σ∗ )^2. (C22) For γp → K^0K^0p, we have M^μ = 2(M^{p,μ}_c F_c + M^{Σ∗+,μ}_d F_d + M^{p,μ}_e F_e). (C23) The form factors F_c, F_d, and F_e are replaced by 1 − (1 − F_c)(1 − F_d)(1 − F_e). (C24) For γn → K^+K^−n, we have M^μ = 2(M^μ_a F_a + M^μ_b F_b + M^{n,μ}_c F_c + M^{Σ∗−,μ}_d F_d + M^{n,μ}_e F_e + M^μ_f F_f + M^μ_g F_g), (C25) where the form factors F_a, F_b, F_d, F_f , and F_g are 1 − (1 − F_a)(1 − F_b)(1 − F_d)(1 − F^′_f )(1 − F^′_g), (C26) and F^′_f = F^′_g = F_f F_g, (C27) which is chosen to avoid the problem mentioned above.

For γn → K^0K^0n, we have M^μ = M^{n,μ}_c F_c + M^{Σ∗0,μ}_d F_d + M^{n,μ}_e F_e. (C28) In this case, all amplitudes are gauge-invariant, we do not introduce any contact diagrams.

The case of intermediate Λ(1520) is the same as in the case of Σ^0(1385). So it does not contribute to the γp → K^0K^0p and γn → K^+K^−n reactions.

4. Intermediate Θ This case is similar to the case of intermediate Λ except that Θ has positive charge. The K^∗ exchange diagrams, Figs. 8(f,g), are transverse, so current conservation is satisfied even with the presence of form factors. The amplitudes of Fig. 8 satisfy k · M^n_c = 0, k · M^n_e = 0, k · M_a + k · M_b + k · M_d = 0, k · M_c + k · M_d + k · M_e = 0. (C29) For γp → K^0K^0p, we have M^μ = M^{p,μ}_c F_c + M^μ_d F_d + M^{p,μ}_e F_e + M^μ_f F_f + M^μ_g F_g, (C30) where F_c, F_d, F_e → 1 − (1 − F_c)(1 − F_d)(1 − F_e). (C31) For γn → K^+K^−n, we have

M^μ = M_aF_a + M_bF_bM^{n,μ}_c F_c + M^μ_d F_d + M^{n,μ}_e F_e + M^μ_f F_f + M^μ_g F_g, (C32)

where F_a, F_b, F_d → 1 − (1 − F_a)(1 − F_b)(1 − F_d). (C33)

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

[3] (CLAS Collaboration), S. Stepanyan, et al., Phys. Rev. Lett. 91 (2003) 252001. [4] (SAPHIR Collaboration), J. Barth, et al., Phys. Lett. B 572 (2003) 127. [5] (CLAS Collaboration), V. Kubarovsky, et al., AIP Conf. Proc. 698 (2004) 543. [6] A.E. Asratyan, A.G. Dolgolenko, M.A. Kubantsev, Yad. Fiz. 67 (2004) 704, [Phys. Atom.

Nucl. 67 (2004) 682].

[7] (CLAS Collaboration), V. Kubarovsky, et al., Phys. Rev. Lett. 92 (2004) 032001. [8] S. Armstrong, B. Mellado, S.L. Wu, J. Phys. G 30 (2004) 1801. [9] (HERMES Collaboration), A. Airapetian, et al., Phys. Lett. B 585 (2004) 213. [10] (SVD Collaboration), A. Aleev, et al, Yad. Fiz. 68 (2005) 1012, [Phys. Atom. Nucl. 68 (2005) 974].

[11] P.Zh. Aslanyan, V.N. Emelyanenko, G.G. Rikhkvitzkaya, hep-ex/0403044;

P.Zh. Aslanyan, Nucl. Phys. A 755 (2005) 375.

[12] (COSY-TOF Collaboration), M. Abdel-Bary, et al., Phys. Lett. B 595 (2004) 127. [13] (ZEUS Collaboration), S. Chekanov, et al., Phys. Lett. B 591 (2004) 7. [14] (SVD Collaboration), A. Aleev, et al., hep-ex/0509033. [15] (NA49 Collaboration), C. Alt, et al., Phys. Rev. Lett. 92 (2004) 042003. [16] (H1 Collaboration), A. Aktas, et al., Phys. Lett. B 588 (2004) 17. [17] (BES Collaboration), M. Ablikim, et al., Phys. Rev. D 70 (2004) 012004. [18] C. Pinkenburg (for the PHENIX Collaboration), J. Phys. G 30 (2004) S1201. [19] (ALEPH Collaboration), S. Schael, et al., Phys. Lett. B 599 (2004) 1. [20] (SPHINX Collaboration), Yu.M. Antipov, et al., Eur. Phys. J. A 21 (2004) 455. [21] (BABAR Collaboration), B. Aubert, et al., hep-ex/0408064.

[22] T. Berger-Hryn’ova (for the BABAR Collaboration), Int. J. Mod. Phys. A 20 (2005) 3749. [23] I.V. Gorelov (for the CDF Collaboration), hep-ex/0408025.

[24] D.O. Litvintsev (for the CDF Collaboration), Nucl. Phys. B (Proc. Suppl.) 142 (2005) 374. [25] (HERA-B Collaboration), I. Abt, et al., Phys. Rev. Lett. 93 (2004) 212003. [26] (HyperCP Collaboration), M.J. Longo et al., Phys. Rev. D 70 (2004) 111101. [27] (Belle Collaboration), K. Abe, et al., hep-ex/0411005.

[28] (FOCUS Collaboration), K. Stenson, et al., Int. J. Mod. Phys. A 20 (2005) 3745. [29] R. de Vita (for the CLAS Collaboration), APS April meeting (2005). [30] (WA89 Collaboration), M.I. Adamovich, et al., hep-ex/0510013. [31] L.G. Landsberg, Phys. Rep. 320 (1999) 223.

[32] (SPHINX Collaboration), Yu. M. Antipov, et al., Yad. Fiz. 65 (2002) 2131, [Phys. Atom.

Nucl. 65 (2002) 2070].

[33] (BES Collaboration), M. Ablikim, et al., hep-ex/0405030. [34] V. Kuznetsov (for the GRAAL Collaboration), hep-ex/0409032. [35] P.A. Żołnierczuk, et al., Phys. Lett. B 597 (2004) 131. [36] B. Tatischeff, nucl-ex/0404042.

[37] S. Kabana (for the STAR Collaboration), hep-ex/0406032. [38] H. Z. Huang (for the STAR Collaboration), hep-ex/0509037. [39] H.G. Fischer, S. Wenig, Eur. Phys. J. C 37 (2004) 133.

[40] (WA89 Collaboration), M.I. Adamovich, et al., Phys. Rev. C 70 (2004) 022201. [41] J. Pochodzalla, hep-ex/0406077. [42] E. Golowich, Phys. Rev. D 4 (1971) 262.

[43] (Particle Data Group), M. Aguilar-Benitez, et al., Phys. Lett. B 170 (1986) 1. [44] H. Gao, B.-Q. Ma, Mod. Phys. Lett. A 14 (1999) 2313.

[45] T. Hirose, K. Kanai, S. Kitamura, T. Kobayashi, Nuovo Cim. 50A (1979) 120. [46] C. Fukunaga, R. Hamatsu, T. Hirose, W. Kitamura, T. Yamagata, Nuovo Cim. 58A (1980) 199.

[47] V.M. Karnaukhov, V.I. Moroz, C. Coca, A. Mihul, Phys. Lett. B 281 (1992) 148. [48] A.V. Aref’ev, et al., Yad. Fiz. 51 (1990) 414, [Sov. J. Nucl. Phys. 51 (1990) 264]. [49] J. Amirzadeh, et al., Phys. Lett. 89B (1979) 125.

[50] B.M. Abramov, et al., Yad. Fiz. 53 (1991) 179, [Sov. J. Nucl. Phys. 53 (1991) 114]. [51] D. Aston, et al., Phys. Rev. D 32 (1985) 2270. [52] R.L. Jaffe, Phys. Rev. D 15 (1977) 267. [53] D. Strottman, Phys. Rev. D 20 (1979) 748. [54] H. Hogaasen, P. Sorba, Nucl. Phys. B 145 (1978) 119.

[55] M. De Crombrugghe, H. Hogaasen, P. Sorba, Nucl. Phys. B 156 (1979) 347. [56] K. Maltman, S. Godfrey, Nucl. Phys. A 452 (1986) 669. [57] A. Ferrer, V.F. Perepelitsa, A.A. Grigoryan, Z. Phys. C 56 (1992) 215. [58] H.J. Lipkin, Phys. Lett. B 195 (1987) 484.

[59] C. Gignoux, B. Silvestre-Brac, J.M. Richard, Phys. Lett. B 193 (1987) 323. [60] S. Fleck, C. Gignoux, J.M. Richard, B. Silvestre-Brac, Phys. Lett. B 220 (1989) 616. [61] S. Zouzou, J.-M. Richard, Few-Body Syst. 16 (1994) 1. [62] Fl. Stancu, Phys. Rev. D 58 (1998) 111501.

[63] M. Genovese, J.M. Richard, Fl. Stancu, S. Pepin, Phys. Lett. B 425 (1998) 171. [64] C.G. Callan, I. Klebanov, Nucl. Phys. B 262 (1985) 365. [65] M. Rho, D.O. Riska, N.N. Scoccola, Phys. Lett. B 251 (1990) 597. [66] Y. Oh, D.-P. Min, M. Rho, N.N. Scoccola, Nucl. Phys. A 534 (1991) 493. [67] D.O. Riska, N.N. Scoccola, Phys. Lett. B 299 (1993) 338.

[68] M.B. Voloshin, M.A. Shifman, Yad. Fiz. 45 (1987) 463 [Sov. J. Nucl. Phys. 45 (1987) 292]. [69] M.B. Voloshin, M.A. Shifman, Yad. Fiz. 47 (1988) 801 [Sov. J. Nucl. Phys. 47 (1988) 511]. [70] N. Isgur, M.B. Wise, Phys. Lett. B 232 (1989) 113. [71] N. Isgur, M.B. Wise, Phys. Lett. B 237 (1990) 527.

[72] E. Jenkins, A. V. Manohar, M. B. Wise, Nucl. Phys. B 396 (1993) 27. [73] Z. Guralnik, M. Luke, A. V. Manohar, Nucl. Phys. B 390 (1993) 474. [74] D.-P. Min, Y. Oh, B.-Y. Park, M. Rho, Int. J. Mod. Phys. E 4 (1995) 47. [75] Y. Oh, B.-Y. Park, D.-P. Min, Phys. Rev. D 49 (1994) 4649.

[76] J. Schechter, A. Subbaraman, Phys. Rev. D 51 (1995) 2311. [77] M. Harada, F. Sannino, J. Schechter, H. Weigel, Phys. Rev. D 56 (1997) 4098. [78] Y. Oh, B.-Y. Park, D.-P. Min, Phys. Rev. D 50 (1994) 3350. [79] Y. Oh, B.-Y. Park, Phys. Rev. D 51 (1995) 5016. [80] Y. Oh, B.-Y. Park, Phys. Rev. D 53 (1996) 1605. [81] Y. Oh, B.-Y. Park, Z. Phys. A 359 (1997) 83. [82] Y. Oh, B.-Y. Park, D.-P. Min, Phys. Lett. B 331 (1994) 362. [83] C.-K. Chow, Phys. Rev. D 53 (1996) 5108.

[84] (E791 Collaboration), E.M. Aitala, et al., Phys. Rev. Lett. 81 (1998) 44. [85] (E791 Collaboration), E.M. Aitala, et al., Phys. Lett. B 448 (1999) 303. [86] K. Cheung, Phys. Rev. D 69 (2004) 094029.

[87] H.-Y. Cheng, C.-K. Chua, C.-W. Hwang, Phys. Rev. D 70 (2004) 034007. [88] X.-G. He, X.-Q. Li, Phys. Rev. D 70 (2004) 034030.

[89] T.E. Browder, I.R. Klebanov, D.R. Marlow, Phys. Lett. B 587 (2004) 62. [90] I.W. Stewart, M.E. Wessling, M.B. Wise, Phys. Lett. B 590 (2004) 185. [91] B. Wu, B.-Q. Ma, Phys. Rev. D 70 (2004) 034025. [92] H. Kim, S.H. Lee, Y. Oh, Phys. Lett. B 595 (2004) 293. [93] M. Chemtob, Nucl. Phys. B 256 (1985) 600. [94] A.V. Manohar, Nucl. Phys. B 248 (1984) 19.

[95] M. Praszałowicz, in Skyrmions and Anomalies, edited by M. Jezabeck, M. Praszałowicz, (World Scientific, Singapore, 1987), p. 112.

[96] H. Weigel, Eur. Phys. J. A 2 (1998) 391.

[97] D. Diakonov, V. Petrov, M. Polyakov, Z. Phys. A 359 (1997) 305.

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

[99] H. Walliser, V.B. Kopeliovich, Zh. Eksp. Teor. Fiz. 124 (2003) 483, [J. Exp. Theor. Phys. 97 (2003) 433].

[100] M. Praszałowicz, Phys. Lett. B 575 (2003) 234.

[101] N. Itzhaki, I.R. Klebanov, P. Ouyang, L. Rastelli, Nucl. Phys. B 684 (2004) 264. [102] B.K. Jennings, K. Maltman, Phys. Rev. D 69 (2004) 094020. [103] B.-Y. Park, M. Rho, D.-P. Min, Phys. Rev. D 70 (2004) 114026. [104] M. Praszalowicz, K. Goeke, Acta Phys. Polon. B 36 (2005) 2255. [105] T.D. Cohen, Phys. Lett. B 581 (2004) 175.

[106] A. Cherman, T.D. Cohen, T.R. Dulaney, E.M. Lynch, hep-ph/0509129. [107] H. Walliser, H. Weigel, hep-ph/0510055. [108] S.L. Zhu, Phys. Rev. Lett. 91 (2003) 232002.

[109] R.D. Matheus, F.S. Navarra, M. Nielsen, R. da Silva, S.H. Lee, Phys. Lett. B 578 (2003) 323. [110] J. Sugiyama, T. Doi, M. Oka, Phys. Lett. B 581 (2004) 167. [111] M. Eidemüller, Phys. Lett. B 597 (2004) 314. [112] T.D. Cohen, R.F. Lebed, Phys. Lett. B 578 (2004) 150. [113] E. Jenkins, A.V. Manohar, Phys. Rev. Lett. 93 (2004) 022001. [114] E. Jenkins, A.V. Manohar, JHEP 0406 (2004) 039. [115] A.V. Manohar, Phys. Rev. D 70 (2004) 014004.

[116] F. Csikor, Z. Fodor, S.D. Katz, T.G. Kovács, JHEP 0311 (2003) 070. [117] S. Sasaki, Phys. Rev. Lett. 93 (2004) 152001. [118] N. Mathur, et al., Phys. Rev. D 70 (2004) 074508.

[119] T.-W. Chiu, T.-H. Hsieh, Phys. Rev. D 72 (2005) 034505. [120] M. Karliner, H.J. Lipkin, hep-ph/0307243. [121] R. Jaffe, F. Wilczek, Phys. Rev. Lett. 91 (2003) 232003. [122] Y. Oh, H. Kim, S.H. Lee, Phys. Rev. D 69 (2004) 094009. [123] F.E. Close, J.J. Dudek, Phys. Lett. B 586 (2004) 75. [124] S.H. Lee, H. Kim, Y. Oh, J. Korean Phys. Soc. 46 (2005) 774. [125] D. Diakonov, V. Petrov, Phys. Rev. D 69 (2004) 094011. [126] R. Bijker, M.M. Giannini, E. Santopinto, Eur. Phys. J. A 22 (2004) 319. [127] Fl. Stancu, D.O. Riska, Phys. Lett. B 575 (2003) 242.

[128] C.E. Carlson, C.D. Carone, H.J. Kwee, V. Nazaryan, Phys. Lett. B 573 (2003) 101. [129] C.E. Carlson, C.D. Carone, H.J. Kwee, V. Nazaryan, Phys. Lett. B 579 (2004) 52. [130] S.M. Gerasyuta, V.I. Kochkin, Phys. Rev. D 71 (2005) 076009. [131] N.I. Kochelev, H.J. Lee, V. Vento, Phys. Lett. B 594 (2004) 87. [132] M. Praszałowicz, Acta Phys. Pol. B 35 (2004) 1625. [133] B. Wu, B.-Q. Ma, Phys. Rev. D 69 (2004) 077501. [134] J. Ellis, M. Karliner, M. Praszałowicz, JHEP 0405 (2004) 002. [135] V. Dmitrašinović, Fl. Stancu, hep-ph/0402190. [136] M.P. Rekalo, E. Tomasi-Gustafsson, J. Phys. G 30 (2004) 1459. [137] K. Nakayama, W.G. Love, Phys. Rev. C 70 (2004) 012201. [138] A.W. Thomas, K. Hicks, A. Hosaka, Prog. Theor. Phys. 111 (2004) 291. [139] C. Hanhart, et al., Phys. Lett. B 590 (2004) 39.

[140] M.P. Rekalo, E. Tomasi-Gustafsson, Phys. Lett. B 591 (2004) 225;

Eur. Phys. J. A 22 (2004) 119.

[141] Y. N. Uzikov, Phys. Lett. B 595 (2004) 277;

hep-ph/0402216.

[142] C. Hanhart, J. Haidenbauer, K. Nakayama, U.-G. Meißner, Phys. Lett. B 606 (2005) 67. [143] W. Liu, C.M. Ko, Phys. Rev. C 68 (2003) 045203. [144] W. Liu, C.M. Ko, Nucl. Phys. A 741 (2004) 215. [145] S.I. Nam, A. Hosaka, H.-C. Kim, Phys. Lett. B 579 (2003) 43. [146] Y. Oh, H. Kim, S.H. Lee, Phys. Rev. D 69 (2004) 014009. [147] Q. Zhao, J.S. Al-Khalili, Phys. Lett. B 585 (2004) 91. [148] B.-G. Yu, T.-K. Choi, C.-R. Ji, Phys. Rev. C 70 (2004) 045205. [149] Y. Oh, H. Kim, S.H. Lee, Nucl. Phys. A 745 (2004) 129. [150] W. Liu, C.M. Ko, V. Kubarovsky, Phys. Rev. C 69 (2004) 025202. [151] K. Nakayama, K. Tsushima, Phys. Lett. B 583 (2004) 269.

[152] A.R. Dzierba, D. Krop, M. Swat, S. Teige, A.P. Szczepaniak, Phys. Rev. D 69 (2004) 051901. [153] W. Roberts, Phys. Rev. C 70 (2004) 065201. [154] W. Roberts, nucl-th/0412041.

[155] A.I. Titov, H. Ejiri, H. Haberzettl, K. Nakayama, Phys. Rev. C 71 (2005) 035203. [156] A. Sibirtsev, J. Haidenbauer, S. Krewald, U.-G. Meißner, A. W. Thomas, hep-ph/0509145. [157] Y. Oh, H. Kim, S.H. Lee, Phys. Rev. D 69 (2004) 074016. [158] T. Hyodo, A. Hosaka, E. Oset, Phys. Lett. B 579 (2004) 290.

[159] C.E. Carlson, C.D. Carone, H.J. Kwee, V. Nazaryan, Phys. Rev. D 70 (2004) 037501. [160] P. Ko, J. Lee, T. Lee, J.-H. Park, Phys. Lett. B 611 (2005) 87.

[161] Y.-R. Liu, A. Zhang, P.-Z. Huang, W.-Z. Deng, X.-L. Chen, S.-L. Zhu, Phys. Rev. D 70 (2004) 094045.

[162] Y. Oh, H. Kim, Phys. Rev. D 70 (2004) 094022.

[163] H.G. Juengst (for the CLAS Collaboration), Nucl. Phys. A 754 (2005) 265. [164] K. Hicks, Int. J. Mod. Phys. A 20 (2005) 219.

[165] V.D. Burkert, R. de Vita, S. Niccolai (for the CLAS Collaboration), nucl-ex/0408019. [166] V. Kubarovsky, P. Stoler (for the CLAS Collaboration), Nucl. Phys. B (Proc. Suppl.) 142 (2005) 356.

[167] Y. Ohashi (for the LEPS Collaboration), hep-ex/0402005.

[168] J. Tyson, J.S. Greenberg, V.W. Hughes, D.C. Lu, R.C. Minehart, S. Mori, J.E. Rothberg, Phys. Rev. Lett. 19 (1967) 255.

[169] P. Söding, Phys. Lett. 19 (1966) 702. [170] S.D. Drell, Phys. Rev. Lett. 5 (1960) 278. [171] S.D. Drell, Rev. Mod. Phys. 33 (1961) 458.

[172] A. Szczurek, A.P. Szczepaniak, Phys. Rev. D 71 (2005) 054005. [173] A.R. Dzierba, C.A. Meyer, A.P. Szczepaniak, J. Phys. Conf. Ser. 9 (2005) 192. [174] E.W. Anderson, et al., Phys. Lett. 29B (1969) 136.

[175] R.A. Arndt, I.I. Strakovsky, R.L. Workman, Phys. Rev. C 68 (2003) 042201, 69 (2004) 019901(E).

[176] R.A. Arndt, I.I. Strakovsky, R.L. Workman, Nucl. Phys. A 754 (2005) 261. [177] K. Ohta, Phys. Rev. C 40 (1989) 1335. [178] H. Haberzettl, Phys. Rev. C 56 (1997) 2041.

[179] H. Haberzettl, C. Bennhold, T. Mart, T. Feuster, Phys. Rev. C 58 (1998) 40. [180] R.M. Davidson, R. Workman, Phys. Rev. C 63 (2001) 025210. [181] M. Oka, hep-ph/0409295.

[182] S.H. Lee, H. Kim, Y. Kwon, Phys. Lett. B 609 (2005) 252. [183] R.D. Matheus, S. Narison, hep-ph/0412063.

[184] H.-J. Lee, N.I. Kochelev, V. Vento, Phys. Lett. B 610 (2005) 50. [185] T. Sato, T.-S.H. Lee, Phys. Rev. C 54 (1996) 2660. [186] R. Machleidt, K. Holinde, C. Elster, Phys. Rep. 149 (1987) 1. [187] M. Bando, T. Kugo, K. Yamawaki, Phys. Rep. 164 (1988) 217. [188] (Particle Data Group), S. Eidelman, et al., Phys. Lett. B 592 (2004) 1. [189] Y. Oh, A.I. Titov, T.-S.H. Lee, in NSTAR2000 Workshop: Excited Nucleons and Hadronic Structure, edited by V. D. Burkert, L. Elouadrhiri, J. J. Kelly, R. C. Minehart, (World Scientific, Singapore, 2000), pp. 255–262, nucl-th/0004055;

[190] Y. Oh, A.I. Titov, T.-S.H. Lee, Phys. Rev. C 63 (2001) 025201. [191] Y. Oh, T.-S.H. Lee, Phys. Rev. C 66 (2002) 045201. [192] Y. Oh, T.-S.H. Lee, Phys. Rev. C 69 (2004) 025201. [193] Y. Eisenberg, et al., Phys. Rev. Lett. 23 (1969) 1322. [194] Y. Eisenberg, et al., Phys. Rev. D 5 (1972) 15.

[195] G.T. Condo, T. Handler, W.M. Bugg, G.R. Blackett, M. Pisharody, K.A. Danyo, Phys. Rev.

D 48 (1993) 3045;

[196] A.V. Afanasev, A.P. Szczepaniak, Phys. Rev. D 61 (2000) 114008. [197] H. Högaasen, J. Högaasen, R. Keyser, B.E.Y. Svensson, Nouvo Cimento 42A (1966) 323. [198] E.R. Berger, A. Donnachie, H.G. Dosch, O. Nachtmann, Eur. Phys. J. C 14 (2000) 673. [199] B. Renner, Nucl. Phys. B 30 (1971) 634. [200] P. Singer, Phys. Rev. D 27 (1983) 2223.

[201] S. Ishida, K. Yamada, M. Oda, Phys. Rev. D 40 (1989) 1497.

[202] (Aachen-Hamburg-Heidelberg-München Collaboration), W. Struczinski, et al., Nucl. Phys.

B 108 (1976) 45.

[203] M. El Amiri, G. López Castro, J. Pestieau, Nucl. Phys. A 543 (1992) 673. [204] D. Lin, M.K. Liou, Z.M. Ding, Phys. Rev. C 44 (1991) 1819. [205] R.M. Davidson, N.C. Mukhopadhyay, R.S. Wittman, Phys. Rev. D 43 (1991) 71. [206] M. Benmerrouche, R.M. Davidson, N.C. Mukhopadhyay, Phys. Rev. C 39 (1989) 2339. [207] M. Benmerrouche, N.C. Mukhopadhyay, J.F. Zhang, Phys. Rev. D 51 (1995) 3237. [208] R. Bijker, M.M. Giannini, E. Santopinto, Phys. Lett. B 595 (2004) 260. [209] (ABBHHM Collaboration), R. Erbe, et al., Phys. Rev. 188 (1969) 2060. [210] J. Ballam, et al., Phys. Rev. D 5 (1972) 545.

[211] K. Hicks, V. Burkert, A.E. Kudryavtsev, I.I. Strakovsky, S. Stepanyan, Phys. Rev. D 71 (2005) 098501.

[212] Th.A. Rijken, V.G.J. Stoks, Y. Yamamoto, Phys. Rev. C 59 (1999) 21. [213] V.G.J. Stoks, Th.A. Rijken, Phys. Rev. C 59 (1999) 3009. [214] S. Deser, A. Waldron, V. Pascalutsa, Phys. Rev. D 62 (2000) 105031. [215] D.B. Lichtenberg, Phys. Rev. D 15 (1977) 345.

[216] J.W. Darewych, M. Horbatsch, R. Koniuk, Phys. Rev. D 28 (1983) 1125. [217] G.E. Brown, W. Weise, Phys. Rep. 22 (1975) 279. [218] H. Kammano, M. Arima, Phys. Rev. C 69 (2004) 025206. [219] C.L. Schat, N.N. Scoccola, C. Gobbi, Nucl. Phys. A 585 (1995) 627. [220] D. Jido, A. Hosaka, J.C. Nacher, E. Oset, A. Ramos, Phys. Rev. C 66 (2002) 025203. [221] (SPHINX Collaboration), Yu.M. Antipov, et al., Phys. Lett. B 604 (2004) 22. [222] (CLAS Collboration), S. Taylor, et al., Phys. Rev. C 71 (2005) 054609.