nucl-th/9905044 20 May 1999

SNUTP-99-018 nucl-th/9905044

Probing nucleon strangeness structure with Œ electroproduction

Yongseok Oh^{a;1}, Alexander I. Titov^{b;2}, Shin Nan Yang^{c;3}, Toshiyuki Morii^{d;4}

aCenter for Theoretical Physics, Seoul National University, Seoul 151-742, Korea bBogoliubov Laboratory of Theoretical Physics, JINR, 141980 Dubna, Russia cDepartment of Physics, National Taiwan University, Taipei, Taiwan 10617 dFaculty of Human Development, Kobe University, 3-11 Tsurukabuto, Nada, Kobe 657-8501, Japan

Abstract

We study the possibility to constrain the hidden strangeness content of the nucleon by means of the polarization observables in ϕ meson electroproduction. We consider the OZI evading direct knockout mechanism that arises from the non-vanishing ss̄ sea quark admixture of the nucleon as well as the background of the dominant diffractive and the oneboson-exchange processes. Large sensitivity on the nucleon strangeness are found in several beam-target and beam-recoil double polarization observables. The small √ s and W region, which is accesible at some of the current high-energy electron facilities, is found to be the optimal energy region for extracting out the OZI evasion process.

Key words: ϕ electroproduction; Polarization observables; Vector-meson dominance model; One-boson exchange model; Quark model PACS: 13.88.+e, 24.70.+s, 25.30.Rw, 13.60.Le

1 E-mail address : yoh@phya.snu.ac.kr

2 E-mail address : atitov@thsun1.jinr.ru

3 E-mail address : snyang@phys.ntu.edu.tw

4 E-mail address : morii@kobe-u.ac.jp

Preprint submitted to Elsevier Preprint 20 May 1999

Production of ϕ mesons from nucleon targets has been suggested as a sensitive probe to study the hidden strangeness of the nucleon. This is because the ϕ is a nearly pure ss̄ state so that its direct coupling to the nucleon is suppressed by the OZI rule. However, if there exists a nonvanishing ss̄ sea quark component in the nucleon, the strange sea quark can contribute to the ϕ production via the OZI evasion processes. Investigation of such processes can then be expected to shed light on the nucleon strangeness content, if any. For example, recent studies on the ϕ production in pp̄ annihilation at rest indicate a large violation of the OZI rule [1], which can be explained with the presence of an intrinsic ss̄ component in the nucleon since it provides with additional rearrangement and shakeout diagrams [2,3].^5

The ϕ meson can also be produced from the nucleon with photons and electrons. The dominant process in the electromagnetic production of the ϕ comes from the diffractive production (vectormeson dominance) through the Pomeron exchange, while the one-boson-exchange mechanism gives corrections mostly at backward scattering angles. In addition, the possible hidden ss̄ cluster in the proton can contribute through direct knockout process. The knockout process was first estimated with a nonrelativistic harmonic oscillator quark model [5]. In Ref. [6], we employed a relativistic harmonic oscillator quark model (RHOQM) to include the relativistic Lorentz-contraction correction. Following the analysis of Ref. [5], we found that the theoretical upper bound of the admixture of strange sea quarks in the proton allowed for by the existing electroproduction cross section data is less than 5%. Nevertheless, it is not easy to discern each process in the cross section measurements because their respective contributions have similar dependence on momentum transfer. We have recently demonstrated [7,8] that many double polarization observables in ϕ photoproduction could be more useful tools in investigating the strange sea quark structure in the nucleon. In this paper, we extend our previous study to the case of ϕ electroproduction with longitudinally polarized electron beams.

In ϕ electroproduction process, e + p → e + p + ϕ, using one-photon exchange approximation, we define the four momenta of the initial electron, final electron, virtual photon, initial proton, final proton and produced vector-meson as k_e, k^′_e, q, p, p^′ and q_ϕ, respectively. In the laboratory frame, we write k_e = (E_e, k_e), k^′_e = (E^′_e, k^′_e), p = (E^L_p , p^L) = (M_N , 0), p^′ = (E^L_p0 , p^{0L}), q_ϕ = (ω^L_ϕ , q^L_ϕ ) and q = (ν^L, q^L), where M_N is the nucleon mass. In the hadronic (or γ^∗p) c.m. frame, we write q = (ν, q), q_ϕ = (ω_ϕ, q_ϕ), p = (E_p, −k) and p^′ = (E_p0 , −q_ϕ), respectively. We further define s = (k + p)^2, Q^2 = −q^2, W^2 = (p + q)^2 and t = (p − p^′)^2.

Our model for ϕ electroproduction includes the diffractive production, one-boson-exchange (π and η exchange) and the direct knockout processes as shown in Fig. 1. The OZI evaded knockout process is allowed only if the proton contains non-vanishing ss̄ sea quark admixture. In the vector-meson-dominance model (VDM) of the diffractive production process [9,10], the incoming photon first converts into qq̄ pair (ϕ-meson in our case) and this ϕ scatters diffractively from the nucleon target through Pomeron exchange as shown in Fig. 1(a). It has been claimed that most of the vector-meson electromagnetic production process data could be understood qualitatively

5 It has been, however, also claimed that this OZI violation could be understood within modified meson exchange models [4] by excluding intrinsic strange sea quark component in the nucleon wavefunction.

Fig. 1. Processes for ϕ meson electroproduction. (a) diffractive, (b) one-boson-exchange, (c) ss̄-knockout and (d) uud-knockout process.

and quantitatively by the diffractive process with the Pomeron-photon analogy [11–13].^6 As in our previous works on ϕ photoproduction [7,8], we use the parameterization of the vector-meson-dominance model [17] together with the spin structure coming from the Pomeron-photon analogy. (See Ref. [8] for more details.)

Then the invariant amplitude of this process can be written as

T^{VDM} = iT_0ε^∗_μ(ϕ)M^{μν} ε_ν(γ), (1)

with ε_μ(ϕ) and ε_μ(γ) the ϕ and photon polarization vector, respectively, and M^{μν} = ū(p^′)γ_αu(p) { (q + q_ϕ)^αg^{μν} − 2q^μg^{αν} −

2q^2 q · q_ϕ q^ν_ϕg^{αμ} } , (2)

where u(p) is the Dirac spinor of the nucleon with momentum p and we keep the relevant terms only [8].

The dynamics of the Pomeron-hadron interactions is represented by T_0. It is parameterized according to the prescription of Ref. [18], which gives the differential cross section for virtual photoproduction as dσ_γ� dt = σ_ϕ(0, W )

(1 + Q^2/M^2ϕ )^2

q^∗(0) q^∗(Q^2)

(1 + εRϕ)bϕ exp{bϕ[t − t_{max}(0)]}, (3)

where ε is the virtual photon polarization parameter, M_ϕ the ϕ-meson mass and

q^∗(Q^2) = 1 2W √ [(W − M_N )^2 + Q^2] [(W + M_N )^2 + Q^2]. (4)

The VDM hypothesis leads to that R_ϕ, the ratio of the cross sections with longitudinal and transverse photons, is R_ϕ = ξ^2Q^2/M^2_ϕ , where the phenomenological factor ξ^2 is to be determined

6 Here we do not consider the two-gluon exchange model for the Pomeron exchange [14–16].

by experiments. The parameters are fixed as ξ^2 = 0.328 [9,19], σ_ϕ(0, W ) = 0.20 μb and b_ϕ = 4.01 GeV^2 for W ∼ 2 GeV [17], and σ_ϕ(0, W ) = 0.22 μb and b_ϕ = 3.46 GeV^2 for W ≤ 3 GeV [9,19]. As in photoproduction [8], this amplitude is purely imaginary and has the helicity conserving form at the forward scattering angles, i.e., at small |t| limit.

The one-boson-exchange (OBE) process shown in Fig. 1(b) is allowed because of the possible decays of ϕ → γπ and ϕ → γη. This process represents the contributions from the possible nonstrange quark component in the ϕ-meson and gives a correction to the diffractive production [20]. In fact, OBE is comparable to or even dominates the diffractive process in large |t| region. In order to calculate OBE process we employ the pseudovector coupling for πNN and ηNN interactions with the Gell-man–Sharp–Wagner (GSW) model for ϕ decays, i.e., the ϕ decays into γπ (γη) only through the intermediate ρ (ω) vector meson. Then the effective Lagrangian for the π-exchange reads L = g_{πNN} 2M_N N̄γ^μγ_5τ · ∂_μπN + g_{ϕρπ}ϵ^{μναβ}∂_μϕ_ν Tr (∂_αρ^0_βπ^0). (5)

The effective Lagrangian for the η-exchange is obtained by the same manner. We use the πNN coupling constant g^2_{πNN} /4π = 14.0 [21] and rely on the SU(3) relation for the ηNN coupling constant, which gives g_{ηNN} /g_{πNN} = 0.26 using F/D = 0.565. The effective coupling constants of ϕγπ and ϕγη are related with g_{ϕρπ} and g_{ϕωη} and determined from ϕ decay widths and the form factors are used for each vertex in the form of (Λ^2 − M^2)/(Λ^2 − t), where M stands for the corresponding pseudoscalar meson mass [22]. Note that this OBE amplitude is purely real.

If the nucleon contains any ss̄ sea quark admixture, the incoming photon can interact with the quark clusters, which gives the direct knockout mechanisms as shown in Fig. 1(c,d). They can be classified into ss̄-knockout and uud-knockout according to the struck quark cluster. To estimate the knockout contribution to the ϕ production, the proton wavefunction is approximated as

|p⟩ = A|[uud]^{1/2}⟩ + ∑ jss̄=0,1; jc b_{jss̄}| [ [[uud]^{juud} ⊗ [L]]^{jc} ⊗ [ss̄]^{jss̄} ]_1/_2 ⟩, (6) where the superscripts j_{uud} (= 1/2) and j_{ss̄} (= 0, 1) denote the spin of the corrsponding cluster and (b_0, b_1) correspond to the amplitudes of the ss̄ cluster with spin 0 and 1, respectively. The nucleon strangeness |B|^2 is then given by |B|^2 = |b_0|^2 + |b_1|^2 with the constraint |A|^2 + |B|^2 = 1. In order to have the positive parity ground state the orbital angular momentum between the clusters is constrained to be ℓ = 1.^7 We use the RHOQM for the hadron radial wavefunctions.

In the hadronic c.m. system, the amplitudes of the knockout process can be expressed as T^{ss̄}_{mϕ,mf ;λγ,mi} = iT^{ss̄}_0 S^{ss̄}_{mϕ,mf ;λγ ,mi} ,

7 Detailed discussions on this form of the proton wavefunction can be found, e.g., in Refs. [5–8].

T^{uud}_{mϕ,mf ;λγ,mi} = i ( T^{uud}_0 S^{uud}_{mϕ,mf ;λγ,mi} + T^{uud}_1 Z^{uud}_{mϕ,mf ;λγ,mi} ) , (7)

where T^{ss̄}_0 and T^{uud}_{0,1} include the energy and momentum transfer dependence of the amplitudes. (For their explicit expressions, see Refs. [8,23].) Their spin structures are given as [6–8,23],

S^{ss̄}_{mϕ,mf ;λγ ,mi} = √ 3 ∑ ϱ ⟨^1_2 m_f 1 ϱ |^1_2 , m_i⟩ ξ^{ss̄}_ϱ λ_γ ε_{mϕ} (ϕ) · ε_{λγ} (γ), S^{uud}_{mϕ,mf ;λγ ,mi} = − √ 3 ∑ jc,mc,ϱ ⟨^1_2 m_f − λ_γ 1 ϱ | j_c m_c⟩⟨j_c m_c 1 m_ϕ |^1_2 m_i⟩ ( 1 − δ_{λγ,0} ) ξ^{uud}_ϱ ,

Z^{uud}_{mϕ,mf ;λγ ,mi} = − √ 3 2 ∑ jc,mc,ϱ ⟨^1_2 m_f 1 ϱ | j_c m_c⟩⟨j_c m_c 1 m_ϕ |^1_2 m_i⟩ f_με^μ_{λγ} (γ)ξ^{uud}_ϱ , (8)

with

f_0 = 5 6 ( 1 + E^L_p0 − ω^L_ϕ M_N + 2 q_L · p^′_L E^L_p0 M_N ) , f = 5 3M_N [ −q_{ϕ,L} + q_L · q_{ϕ,L} |q_L|^2 q_L + ν_L E^L_p0 ( p^′_L − q_L · p^′_L |q_L|^2 q_L )] + f_0ν_L |q_L|^2 q_L, (9) and ξ^{ss̄}_{±1} = ± 1 √ 2 sin θ_p0 , ξ^{ss̄}_0 = cos θ_p0, ξ^{uud}_{±1} = ∓ 1 √ 2 sin θ_{qϕ} , ξ^{uud}_0 = cos θ_{qϕ} , (10)

where θ_α is the production angle of particle α in the γ^∗p laboratory frame.

Note that T^{ss̄} ∝ b_0 and T^{uud} ∝ b_1 by the symmetry properties of the wavefunctions. Since all of these amplitudes are purely imaginary, they lead to strong interference with the diffractive process. In the kinematical region of our interest, T^{uud}_1 Z^{uud} is suppressed by the T^{uud}_0 S^{uud} term in the uud-knockout, and the ss̄-knockout dominates the uud-knockout at small |t| region. However, the longitudinal photon can contribute only through the T^{uud}_1 Z^{uud} part. Having the T -matrix, it is straightforward to construct the helicity amplitudes.

We give our predictions on the differential cross sections dσ_γ� /dt of virtual photoproduction in Fig. 2 at two energy regions: ( √ s = 4.73 GeV, W = 2.94 GeV, Q^2 = 0.23 GeV^2), where some experimental data exist [19] and ( √ s = 2.55 GeV, W = 2.15 GeV, Q^2 = 0.135 GeV^2), which is the energy region of a Jefferson Lab. proposal [24]. We see that the contributions from the associate mechanisms have similar dependence on the momentum transfer |t| and the knockout process is suppressed by the diffractive process at small |t|. Thus it is very hard to distinguish them from the differential cross section measurements (in the forward scattering region).

However, as in the case of photoproduction, we find that some double polarization observables are very sensitive to the hidden nucleon strangeness. As typical examples, we consider beam-target

Fig. 2. The differential cross section for γ^∗ + p → ϕ + p for (a) √ s = 4.73 GeV, W = 2.94 GeV and Q^2 = 0.23 GeV^2 and (b) √ s = 2.55 GeV, W = 2.15 GeV and Q^2 = 0.135 GeV^2. The dotted, dashed, long-dashed and dot-dashed lines are diffractive process, OBE, ss̄-knockout and uud-knockout processes, respectively, while the solid lines show the diffractive plus OBE predictions. In the knockout processes, |b_0|^2 = |b_1|^2 = 0.5% was assumed. The experimental data are from Ref. [19].

and beam-recoil double asymmetries, where the electron beams are longitudinally polarized. We define the beam-target asymmetry A^z_{BT} with the target nucleons polarized along their momentum direction and the beam-recoil asymmetry A^x_{BR} with the recoil nucleons polarized perperndicular to the momentum direction but in the scattering plane, which gives

A_{BT(BR)} = dσ(↑↓) − dσ(↑↑) dσ(↑↓) + dσ(↑↑) , (11)

where the arrows represent the helicities of the incoming electrons and target (or recoiled) protons. Note that these polarization observables are defined for Θ = 0 where Θ is the angle between the normals to the electron scattering plane and the hadron production plane.

The results are given in Fig. 3, where the solid, dot-dashed and dashed lines are the results with |B|^2 = 0, 0.5% and 1.0%, respectively, where |B|^2 ≡ |b_1|^2 + |b_2|^2. In this paper, we focus on the forward scattering regions since the backward scattering regions may require not a little modifications on our models. In Fig. 3(a,b), we give the t-dependence of the observables A^z_{BT} and A^x_{BR}, while Fig. 3(c,d) show their Q^2 dependence at a given scattering angle in the γ^∗p c.m. system. Our observations indicate that these double polarization observables in ϕ electroproduction are sensitive to the hidden nucleon strangeness and can be useful in investigating hidden nucleon structure. Even with less than 1.0% admixture of the nucleon strangeness, the deviations from the predictions without nucleon strangeness at forward scattering angles can be large enough to be detected by experiments. This is because the associated mechanisms have different spin structure. Figure 3(c,d) show that such deviation becomes larger for A^z_{BT} and is nearly flat for A^x_{BR} as Q^2 increases. Since the deviation decreases with increasing initial energies √ s and W , the optimal energy region to observe this deviation would be near threshold.

Fig. 3. Double polarization asymmetries with √ s = 2.55 GeV and W = 2.15 GeV. (a) A^z_{BT}(θ) at Q^2 = 0.135 GeV^2, (b) A^x_{BR}(θ) at Q^2 = 0.135 GeV^2, (c) A^z_{BT}(Q^2) at θ = 0^∘ and (d) A^x_{BR}(Q^2) at θ = 45^∘, where θ is the scattering angle in the hadronic c.m. system. The solid, dot-dashed and dashed lines correspond to |b_1|^2(= |b_2|^2) = 0, 0.25% and 0.5%, respectively. The phases of b_{0,1} are chosen to be +1.

Since our results depend on the models for VDM and nucleon wave function, we have several comments on the possible modifications on our models. For example, there may be some corrections to the double polarization observables by the complex nature of the Pomeron exchange amplitude, which can interfere with the OBE part. The recent estimation of Ref. [22] shows that in the beam-target asymmetry of ϕ-photoproduction this interference is comparable to the effect of the knockout process with |B|^2 at the level of 0.1% at θ → 0 limit. So our results should be understood with this error range. Since the double asymmetries depends sensitively on the hidden nucleon strangeness at small energies, it would be also natural to see how much the final state interactions could change our results. Also the effect of direct ϕNN coupling, although expected to be small, and the role of intermediate hadron states might be considered for large scattering angle regions.

As a conclusion, we find that measurements of the double polarization observables in ϕ electroproduction may provide us with useful information on the nucleon structure, especially the hidden nucleon strangeness. It will be, therefore, very interesting if experiments of this kind can be carried out at current high-energy electron facilities.

This work was supported in part by the KOSEF through the CTP of Seoul National University, the Russian Foundation for Basic Research under grant No. 96-15-96423, the National Science Council of ROC under grant No. NSC88-2112-M002-015 and Monbusho’s Special Program for Promoting Advanced Study (1996, Japan). Y.O. is grateful to the Physics Department and the Center for Theoretical Sciences of the National Taiwan University for the warm hospitality.

References

[1] For a review, see, e.g., U. Wiedner, Nucl. Phys. B (Proc. Suppl.) 56A, 299 (1997); C. Amsler, Rev.

Mod. Phys. 70, 1293 (1998); M. G. Sapozhnikov, hep-ex/9812025.

[2] J. Ellis, M. Karliner, D. E. Kharzeev and M. G. Sapozhnikov, Phys. Lett. B 353, 319 (1995). [3] T. Gutsche, A. Faessler, G. D. Yen and S. N. Yang, Nucl. Phys. B (Proc. Suppl.) 56A, 311 (1997). [4] Y. Lu, B. S. Zou and M. P. Locher, Z. Phys. A 345, 207 (1993); D. Buzatu and F. M. Lev, Phys. Lett. B 329, 143 (1994); H. J. Lipkin and B.-S. Zou, Phys. Rev. D 53, 6693 (1996); V. E. Markushin and M. P. Locher, Eur. Phys. J. A 1, 91 (1998).

[5] E. M. Henley, G. Krein and A. G. Williams, Phys. Lett. B 281, 178 (1992). [6] A. I. Titov, S. N. Yang and Y. Oh, Nucl. Phys. A 618, 259 (1997). [7] A. I. Titov, Y. Oh and S. N. Yang, Phys. Rev. Lett. 79, 1634 (1997). [8] A. I. Titov, Y. Oh, S. N. Yang and T. Morii, Phys. Rev. C 58, 2429 (1998). [9] D. G. Cassel et al., Phys. Rev. D 24, 2787 (1981).

[10] T. H. Bauer, R. D. Spital, D. R. Yennie and F. M. Pipkin, Rev. Mod. Phys. 50, 261 (1978), (E) 51, 407 (1979).

[11] A. Donnachie and P. V. Landshoff, Nucl. Phys. B 244, 322 (1984); Nucl. Phys. B 267, 690 (1986). [12] M. A. Pichowsky and T.-S. H. Lee, Phys. Lett. B 379, 1 (1996); Phys. Rev. D 56, 1644 (1997). [13] J.-M. Laget and R. Mendez-Galain, Nucl. Phys. A 581, 397 (1995). [14] A. Donnachie and P. V. Landshoff, Phys. Lett. B 185, 403 (1987). [15] P. V. Landshoff and O. Nachtmann, Z. Phys. C 35, 405 (1987). [16] J. R. Cudell, Nucl. Phys. B 336, 1 (1990). [17] H. J. Besch et al., Nucl. Phys. B 70, 257 (1974). [18] H. Fraas and D. Schildknecht, Nucl. Phys. B 14, 543 (1969). [19] R. Dixon et al., Phys. Rev. Lett. 39, 516 (1977); Phys. Rev. D 19, 3185 (1979). [20] P. Joos et al., Nucl. Phys. B 122, 365 (1977). [21] R. G. E. Timmermans, Nucl. Phys. A 631, 343c (1998).

[22] A. I. Titov, T.-S. H. Lee and H. Toki, nucl-th/9812074; A. I. Titov, T.-S. H. Lee, H. Toki and O.

Streltsova, APS e-print aps1999mar05 001.

[23] Y. Oh, A. I. Titov, S. N. Yang and T. Morii, in preparation.

[24] (co-spokesoersons) H. Gao, R. D. Ransome, and J. R. Calarco, JLab proposal (1998).