arXiv:hep-ph/0401050 v2 14 Apr 2004

Model-independent methods to measure the P -parity of the Θ^+-pentaquark in photoproduction experiments

Michail P. Rekalo National Science Center KFTI, 310108 Kharkov, Ukraine

Egle Tomasi-Gustafsson DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France (Dated: April 14, 2004)

Abstract

We discuss model independent methods to measure the P -parity of the Θ^+-pentaquark, in the simplest processes of photoproduction, γ + N → K + Θ^+, using definite relations between T-even polarization observables, which depend on the P -parity of the Θ^+ baryon (with respect to the NK system). One method, which holds for any photon energy and any K meson production angle, is based on the relation between the Σ_B asymmetry (induced by a linearly polarized photon beam, with unpolarized target) and the D_{nn} component of the depolarization tensor (for unpolarized photon beam). Another method, which applies in collinear kinematics (or in threshold conditions), is related to the sign of the D_{nn} component, with linearly polarized photon beam.

PACS numbers: 25.20.Lj,13.40.-f,21.10.Hw,13.88.+e

The experimental determination of the P -parity of the Θ^+-pentaquark is important for the understanding of the underlying structure of this resonance [1, 2, 3, 4, 5, 6, 7, 8], therefore, several suggestions concerning different processes, have been recently proposed in the literature [9].

The simplest photoproduction reaction of the Θ^+-baryon, γ + N → K + Θ^+, is in principle interesting for the determination of the Θ^+ parity: all the observables (the differential cross section and the polarization effects) depend of course on the P -parity. However different models give different predictions on the angular and E_γ behavior of the observables. Presently, the choice of a reliable model for the considered reaction is extremely difficult - due to the absence of the necessary experimental information: too much freedom is left in building a model, from the choice of an adequate approach to the knowledge of necessary coupling constants and phenomenological form factors. In this way, the determination of the P-parity would be ambiguous, because model dependent.

A similar example is given by photo- end electro-production of strange particles, where a wide number of different models give a comparable description of the available data. Different reaction mechanisms with many unknown parameters and constants (to be determined from the data), have been suggested, but their predictive power is quite poor, and any new experimental information require, as a rule, to update the fitting procedure [10].

One can note that, in the first studies on photo- end electro-production of strange particles, both possibilities on the K-meson P -parity, P (K) = ±1, were systematically considered in the theoretical analysis [11]. Later on, many data on γ + N → K + Y and e^− + N → e^− + K + Y , (Y = Λ or Σ hyperon) were collected. Their phenomenological interpretation relies on the negative P -parity of the K meson (or, more exactly, the relative P -parity with respect to the NY system). There is a so large arbitrariness in the theoretical approaches, that it is, a priori, commonly assumed, for simplicity, that the K meson P parity is negative. Following the quark model, the K meson is considered to be a pseudoscalar particle. But, in our opinion, the existing data and models on photo- and electro-production of strange particles can not be considered a proof of the pseudoscalar nature of the K-meson. The situation for γ + N → K + Θ^+ is, in this respect, even more arbitrary, due to the lack of experimental data.

The same situation exists with charmed particles, mesons and baryons, because the P - parity of the lightest state, which is important for the identification of the parity of the excited charmed particles, is experimentally unknown. In the PDG tables [12], one can read: ”The parity of the lowest Λ^+_c is defined to be positive, (as are the parities of the proton, neutron and Λ)” - with respect to the Λ_c-hyperon - or ” I, J, P need confirmation” - concerning the charmed meson.

The problem of the P -parity of particles has to be solved independently on any model: parity is a fundamental property of a particle and affects the predictions of the models for particle photoproduction.

The basic question is therefore if it is possible, in general, i.e. in a model independent way, to determine the P -parity of the particles produced in the reaction γ + N → M + B, where M is a meson with zero spin and B is a baryon with spin 1/2. More exactly, we are considering the following processes:

γ + N → K + Θ^+, γ + N → K + Y, Y = Λ or Σ, (1) γ + N → D + Y_c, Y_c = Λ_c or Σ_c.

The purpose of this paper is to give model independent relations between polarization observables for all processes (1), which allow, in principle, to determine the quoted P-parities.

The idea to determine the P -parity of particles through relations between polarization observables is not new. Many years ago it has been suggested [13, 14] to compare the analyzing power A in the processes:

π^− + ⃗p → K^0 + Λ, K^− + ⃗p → π^0 + Λ, (2)

induced by the proton target polarization, with the transversal polarization P of the produced Λ hyperon (on unpolarized target), because the relation P = −AP (NΛK) (3) holds for any reaction mechanism, where P (NΛK) is the K meson P -parity with respect to the NΛ reference frame. Let us recall here that one can not define an ’absolute’ kaon P -parity, as in case of neutral particles, γ, π^0, η, ρ^0, ..., because the kaon has nonzero hypercharge, and this quantum number conserves in strong and electromagnetic interactions. Such experiment, fundamental and relatively simple, has not yet been realized.

More recently, other possibilities of model independent measurements of the kaon P - parity, related to polarization phenomena in the processes p + p → K + p + Λ(Σ), in the near threshold region have been suggested [15].

These methods can also be applied to the determination of the P -parity of the Θ^+ hyperon, through the study of polarization phenomena in the corresponding reactions of Θ^+- production in pp collisions:

p + p → π^+ + Λ^0 + Θ^+, p + p → K^0 + p + Θ^+. (4)

Again, in both reactions (4), we refer to the relative Θ^+ parity, i.e. the P -parity of the πΛθ^+ or pK^0Θ^+ system, due to the conservation of strangeness in the production and the decay of Θ^+.

Similarly, it is possible to determine the Θ^+ P -parity in the photoproduction processes γ + N → K + Θ^+ without any assumption about the reaction mechanism, in different ways.

Due to the conservation of strangeness in the considered photoproduction process, the notion of absolute Θ^+ P -parity has no physical meaning. Instead, one considers the relative parity - with respect to the NK-system, Π(Θ) = P (ΘNK). This definition has also the advantage to be free from any assumption about the K-meson parity. Moreover, all the dynamics of the process γ + N → K + Θ^+ depends on the Θ^+-parity, only through Π(Θ). Therefore, throughout the paper, the Θ^+ P -parity, actually means Π(Θ) = P (ΘNK), i.e. the relative parity of Θ^+ with respect to the NK-system. Such convention is coherent with the fact that Θ^+ → NK is the main decay of the Θ^+-hyperon.

Let us firstly consider the case of collinear kinematics for γ + N → K + Θ^+, where helicity conservation results in one spin structure for the matrix element. The expression of the amplitude depends on the discussed P -parity [16] and can be written as:

M^{(±)}_{col} = χ^†_2F^{(±)}_{col} χ_1, (5) F^{(+)}_{col} = ⃗σ · ⃗ϵ × ^⃗kf^{(+)}(E_γ ), if Π(Θ) = +1, (6) F^{(−)}_{col} = ⃗σ · ⃗ϵf^{(−)}(E_γ ), if Π(Θ) = −1, (7)

where ⃗ϵ is the real photon polarization vector, χ_1 and χ_2 are the two-component spinors of the initial nucleon and the final baryon, ^⃗k is the unit vector along the three momenta of the photon beam (and of the K−meson) in the reaction center of mass system (CMS), f^{(±)}(E_γ ) are the collinear amplitudes, where the upper indexes correspond to P (NΘD) = ±1, ⃗ϵ·^⃗k = 0.

Due to the presence of a single allowed amplitude in Eq. (5), all polarization phenomena have definite numerical values, which are independent on the model chosen for f^{(±)}(E_γ ). Moreover all nonzero polarization effects take their maximal (absolute) value.

The spin structures Eqs. (6) and (7) are different, but as the single and double spin observables coincide, they can be distinguished only at the level of triple spin polarization correlations. This require the measurement of the dependence of the final baryon polarization on the polarization of the nucleon target, when the photon beam is linearly polarized.

Using Eqs. (5), (6) and (7), one can find:

P_{2x} = −Π(Θ)P_{1x}, P_{2y} = −Π(Θ)P_{2x}, (8)

taking the z-axis along ^⃗k and the x-axis along the vector ⃗ϵ of the photon linear polarization, when ⃗P_{1,2} are the polarization vectors of the nucleon target and the produced Θ^+.

Note that the same spin structure, Eqs. (6) and (7) describes the threshold amplitude, when the final particles are produced in S-state. In this case, the angular distribution of the emitted particles is isotropic in the CMS, and again, only one physical direction is defined.

the second method we are suggesting holds for any kinematical conditions, i.e. for any E_γ and cos θ (θ is the K meson production angle). The following model independent relation holds between polarization observables in any reaction γ + N → M + B(1/2^± ) [17]:

Σ_B(E_γ , cos θ) = −P (BNM)D_{nn}(E_γ , cos θ) (9)

Σ_B(E_γ , cos θ) = dσ_⊥ dΩ − dσ_‖ dΩ dσ_⊥ dΩ + dσ_‖ dΩ (10)

where P (BNM) is the relative parity of B, with respect to the NM-system, dσ_⊥/dΩ(dσ_‖/dΩ) is the differential cross section for ⃗γ +N → M +B with a linearly polarized photon beam, when the three vector ⃗ϵ is transversal (parallel) to the reaction plane, and D_{nn} is a specific component of the depolarization tensor, which characterizes the B-polarization normal to the reaction plane, in collisions of unpolarized photon beam with a nucleon target polarized normally to the reaction plane.

Note that in collinear kinematics, or at the reaction threshold, the relation (10) is equivalent to the identity 0 = 0, because, in such conditions the reaction plane can not be defined, so that both polarization observables, Σ_B and D_{nn} are proportional to sin^2 θ (→ 0), independently on the reaction mechanism.

One can see that the model independent methods (which allow to determine the Θ^+ P -parity in γ + N → K + Θ^+), Eqs. (8) and Eq. (10), require the measurement of the polarization of the produced baryon. In case of associative production of strange (K + Y ) or charmed (D + Λ_c) particles, such measurements are relatively easy, because the hyperons Y (Λ or Σ) and Λ^+_c , decaying through weak interaction, are self analyzing particles. Therefore for charm photoproduction such measurements can be done by the running COMPASS experiment [18], with a polarized target and a muon beam, which can generate linearly polarized photons.

In case of Θ^+ photoproduction, the situation is more difficult, because the polarization of the Θ^+ baryon can be measured only through the measurement of the proton polarization in the decay Θ^+ → p + K^0. Therefore we agree with Ref. [19]: ”Even under these ideal conditions, the decay angular distribution of this strongly decaying particle gives information only on the spin and not on the parity, unless the polarization of the final nucleon is measured”, but, contrary to Ref. [19], we showed here that the polarization of Θ^+ in photoproduction reactions, may give access to the Θ^+ parity, in a model independent way. We suggested above two different methods, one of which requires the measurement of the final nucleon polarization, to determine the Θ^+ parity in γ + N → K + Θ^+. These methods represent the theoretical solution of the problem of the model-independent determination of the Θ^+ parity. The realization of the suggested experiments may be difficult from the experimental point of view, but in the literature one can find only model-dependent methods, not necessarily more simple.

Let us mention that the model independent methods, based on Eq. 3, can be applied also for the measurement of the P -parity of Θ^+ and charm particles, through other binary reactions:

K + N → π + Θ^+, π + N → K + Θ^+, π + N → D + Y_c. (11) But, again, it is a difficult problem for the Θ^+ baryon, because its transversal polarization has to be compared with the analyzing power.

For charmed particles, this method can be considered the most simple, as it involves the measurement of single-spin observables only for the determination of two T-odd polarization observables. The two independent amplitudes, which characterize the general spin structure of the matrix elements for each of the processes (11), have to be complex, with nonzero relative phase. Such condition is a priori satisfied for Θ^+ production in πN and KNcollisions, in the near threshold region, where the S-channel contributions of different N^∗ or Y^∗ resonances can generate large T-odd polarization effects. Evidently, for charm particle production, such resonance mechanisms are not working, but the necessary phase could be generated by D and D^∗ Regge contributions, for example.

In conclusion, the model independent determination of the Θ^+ parity could be realized, in principle, using definite relations between polarization observables, in reactions as γ + N → K + Θ^+, K + N → π + Θ^+, π + N → K + Θ^+. These procedures are based on the same physics as the corresponding methods suggested for strange or charm particle production, but in the first case, they involve difficult experiments, which require the measurement of the Θ^+ polarization.

Another suggestion, which allows to avoid this problem, can be done, using again the analogy with strange particle production. The reactions p + p → π^+ + Λ^0 + Θ^+, p + p → K^0 +p+Θ^+ , which are similar to p+p → K^+ +Λ+p [15], can be used for the determination of the P -parity of the Θ^+ baryon. The same polarization phenomena can be considered for the process p + p → Θ^+ + Σ^+, where instead of the Θ^+ polarization, the polarization of the Σ^+ hyperon (a self analyzing particle) is more experimentally accessible.

These methods are, in general, equivalent, but in case of pp-collisions there are different possibilities to avoid the measurement of the Θ^+ polarization, considering the collisions of both polarized protons or the polarization transfer coefficients, from a polarized proton beam (with unpolarized proton target) to the produced Λ or Σ hyperons. This will be discussed in detail in a forthcoming paper.

We are grateful to A. Gal for interesting remarks on methods to measure the kaon parity, and to K. Kakayama for driving our attention to a precise definition of the parity, for the Θ^+-hyperon.

[1] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359, 305 (1997). [2] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003). [3] F. Stancu and D. O. Riska, Phys. Lett. B 575, 242 (2003).

[4] A. Hosaka, Phys. Lett. B 571, 55 (2003).

[5] F. Csikor, Z. Fodor, S. D. Katz and T. G. Kovacs, JHEP 0311, 070 (2003). [6] S. Sasaki, arXiv:hep-lat/0310014.

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

[8] R. Bijker, M. M. Giannini and E. Santopinto, arXiv:hep-ph/0310281. [9] Q. Zhao and J. S. Al-Khalili, arXiv:hep-ph/0312348 and refs therein. [10] B. Saghai, arXiv:nucl-th/0310025 and refs therein. [11] Fayazuddin, Phys. Rev. 123, 1882, (1961). [12] K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [13] S. Bilenky, Sov. Phys. JETP 35, 827 (1958). [14] A. Bohr, Nucl. Phys. 10, 486 (1959).

[15] N. K. Pak and M. P. Rekalo, Phys. Rev. D 59, 077501 (1999). [16] M. P. Rekalo and E. Tomasi-Gustafsson, Phys. Rev. C 67, 038501 (2003). [17] E. Tomasi-Gustafsson and M. P. Rekalo, arXiv:hep-ph/0310172, to appear in Phys. Rev. D. [18] G. Baum et al. [COMPASS Collaboration], CERN-SPSLC-96-14 [19] A. W. Thomas, K. Hicks and A. Hosaka, arXiv:hep-ph/0312083.