arXiv:hep-ph/0208174 v1 19 Aug 2002

Determination of the g_{ρσγ} coupling constant through the process γ + N → N + V with circularly polarized photons

Michail P. Rekalo^∗ Middle East Technical University, Physics Department, Ankara 06531, Turkey

Egle Tomasi-Gustafsson DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France (August 20, 2002)

We suggest a method to determine the product of the coupling constants gρσγ gσN N , in absolute value and relative sign, through the t-dependence of the two possible T-even asymmetries for the photoproduction of vector mesons, γ+p → p+V^0, V^0 = ρ or ω, in the collision of circularly polarized photons with a polarized proton target. In the framework of a π + σ-model, these asymmetries are very sensitive to the relative role of π- and σ-exchanges, in the near threshold region.

I. INTRODUCTION

The ρ- and ω-meson photoproduction, γ + N → ρ(ω) + N , in the near threshold region, E_γ ≤ 2.5 GeV, can be described through quite simple mechanisms: the π-exchange for ω photoproduction and the scalar σ-exchange for ρ photoproduction. The two coupling constants, g_{πNN} and g_{ωπγ} , which enter in the calculation of the absolute values of the differential cross section for γ + p → p + ρ^0, are well known. The existing experimental data on the t−dependence of the differential cross sections in the near threshold region can be reproduced with the help of few parameters such as the cut-off parameters of phenomenological form factors [1–5].

In the case of ρ^0-photoproduction, γ + p → p + ρ^0, the contribution of π-exchange is too small, and the suggested mechanism of σ-exchange depends on the product of two unknown coupling constants g_{ρσγ} g_{σNN} , which can be fitted in order to obtain an agreement of such model with the experimental cross section dσ(γp → ρ^0p)/dt. As a result, using the constant g_{σNN} , from N N -potential [6], it was possible to find the numerical value for the unknown coupling constant g_{ρσγ} ≃ 3 (for the standard choice of the corresponding Lagrangian). The determination of this coupling constant in the framework of QCD sum rules, gives also relatively large values: g_{ρσγ} = 3.2 ± 0.2 [7] and g_{ρσγ} = 2.2 ± 0.4 [8]. The analysis of the ρ^0 → π^+π^−γ decay in the framework of two possible mechanisms the σ-exchange, ρ^0 → σ^0 + γ → γ + π^+ + π^− and brehmstrahlung radiation by charged pions produced led to even larger values of g_{ρσγ} [9]. In the last case, it was not possible to find an unique value for this constant, because the final result depends on the mass and the width of the σ-meson, which value is given in a broad range, 0.4 GeV≤ m_σ ≤1.4 GeV, 0.6 GeV≤ Γ_σ ≤1 GeV [10].

Note, in this connection, that a large value of the g_{ρσγ} coupling constant has been considered also for the explanation [11] of the HERMES effect [12], concerning the anomalous nuclear dependence of the cross section for the inclusive electroproduction on nuclei at relatively small momentum transfer squared, Q^2: the increasing absorption of virtual photons with longitudinal polarization and the decreasing cross section with transversally polarized photons.

For completeness we should note that the g_{ωσγ} coupling constant (with the corresponding electromagnetic form factor for the space-like momentum transfer) is important for the discussion of very actual problems, concerning the meson exchange currents in the physics of the electromagnetic deuteron structure [13–15].

Finally let us mention that the V σγ-coupling constant can be estimated on the basis of the existing experimental data on the radiative decays of ρ^0- and ω-mesons:

ω(ρ^0) → π^0π^0γ. (1)

The very small branching ratios of these decays (Br ≃ 10^{−5}, [16]) are in contradiction with large values of the g_{V σγ} -coupling constant, which have been derived before, using theoretical considerations (QCD-sum rules) [7,8], and experimental data on γ + p → p + ρ^0 and the HERMES effect [11]. In the last two cases, the g_{V σγ} -coupling constants have been determined by fitting the data, in the framework of a model. In the case of the process γ + p → p + ρ^0, only the σ-contribution has been taken into account [1]. But in the near threshold region, other mechanisms contribute: the nucleon exchanges in the s- and t-channel, the excitation of various nucleonic resonances and even extrapolation

∗Permanent address: National Science Center KFTI, 310108 Kharkov, Ukraine of Pomeron exchange to the threshold region. The same is correct for the model of the HERMES effect. Only the decays (1) can be considered as direct methods to determine the g_{V σγ} -coupling constants.

In this paper we plan to discuss another possible method to determine the g_{V σγ} -coupling constant -through the measurement of T-even asymmetries in the collision of circularly polarized photons with a polarized proton target. The circular polarization of the photon results from the brehmstrahlung of longitudinally polarized electrons. Such beams are available at MAMI (Mainz) [17] and at the Jefferson Laboratory, where it has recently been used in the study of the deuteron photodisintegration ⃗γ + d → n + ⃗p-with the measurement of the polarization of the outgoing proton [18]. In principle such experiments, as ⃗γ + ⃗p → p + V^0 or ⃗γ + p → ⃗p + V^0, V^0 = ρ^0 or ω, are actually feasible.

II. ASYMMETRIES OF ⃗γ + ⃗P → P + V^0 -PROCESSES

The dependence of the differential cross section of the process ⃗γ + ⃗p → p + V^0 on the polarizations of the colliding particles can be written in the following form [19]: dσ dΩ (⃗γ⃗p) = ( dσ dΩ ) 0 (1 + λt_xA_x + λt_z A_z) , (2)

where (dσ/dΩ)_0 is the differential cross section with unpolarized particles, λ = ±1 is the photon helicity (we suppose, for simplicity that the photon beam is fully circularly polarized), t_x and t_z are the possible components of the target proton polarization ⃗t. A_x and A_z are the T-even asymmetries for the process ⃗γ + ⃗p → p + V^0, which are real functions of the photon energy E_γ and cos θ, θ is the V-meson production angle in the reaction CMS. The coordinate system is defined as follows: the z−axis is along the photon three-momentum ⃗k and the xz-plane coincides with the reaction plane, so that the y−axis is along the normal to the scattering plane.

The parametrization (2) is very general and holds for any binary process in ⃗γ + ⃗p-collisions, due to the P-invariance of the electromagnetic interaction of hadrons.

Let us calculate these asymmetries, in framework of the σ + π-exchange model, for γ + p → p + V (Fig. 1). The Lagrangians for πN N - and σN N - interactions are: L_{πNN} = g_{πNN} N γ_5⃗τ · ⃗πN, L_{σNN} = g_{πNN} N N σ, (3) where g_{πNN} is the coupling constant for the pseudoscalar πN N -interaction and g_{σNN} is the coupling constant of the σN N -vertex, which is uniquely defined.

The corresponding electromagnetic interactions with vector mesons are described by the following Lagrangians: L_{V πγ} = e 2m_V g_{V πγ} ϵ_{μναβ}F_{μν} dV_α dx_β , L_{V σγ} = e 2m_V g_{V σγ} F_{μν}(V_ν d_μσ − V_μd_ν σ), (4) where e is the electric charge, so that e^2/4π = α, α = 1/137, m_V is the vector meson mass, F_{μν} is the photon field strength tensor and V_α is the vector meson field. In the momentum space the Lagrangians (4) induce the following spin structure for V πγ- and V σγ- vertices: M_{V πγ} = ie g_{V πγ} m_V ϵ_{μναβ}a_μk_νU_αq_β, M_{V σγ} = e g_{V σγ} m_V (a · U k · q − a · qU · k), (5) where a_α and k (U_α and q) are the four vector of polarization and the four momentum of the photon (V-meson), so a · k = U · q = 0. The matrix element, corresponding to π + σ-exchange, in the process γ + N → N + V , Fig. 1, can be written as follows:

M = M_π + M_σ,

M_π = ie g_{πNN} t − m^2_π g_{V πγ} m_V F_π(t)ϵ_{μναβ}a_μk_ν U_αq_βu(p_2)γ_5u(p_1),

M_σ = e g_{σNN} t − m^2_σ g_{V σγ} m_V F_σ(t)(a · U k · q − a · qU · k)u(p_2)u(p_1), (6) where t = (p_1 − p_2)^2 = (k − q)^2 (the notation of the particle four-momenta is shown in Fig. 1, F_π and F_σ are phenomenological form factors, which insure the correct t−dependence of the differential cross section dσ(γp → pV )/dt in the framework of the considered model.

The matrix element (6) satisfies the condition of gauge invariance of the electromagnetic interaction - for any value of the coupling constants, form factors F_π and F_σ and in any kinematical condition.

The sum M_π + M_σ generates very particular polarization phenomena. First of all, due to the fact that the amplitudes are real (in contradiction with the unitarity condition) all T-odd polarization phenomena, such as, for example, the analyzing powers (induced by the target polarization) or the components of the polarization of the final protons (in collisions of unpolarized particles) are identically zero. The simplest T-even polarization observable, the Σ_B-asymmetry, induced by linear polarized photons also vanishes, due to the specific spin structure of both electromagnetic vertices, V πγ and V σγ, which enter in the considered model with π + σ-exchange.

The density matrix of the V -meson is ρ_{xx} = ρ_{yy} = 1/2 - with sin^2 θ_π -dependence of the decay products in ρ^0 → π^+ + π^−. These predictions hold for any kinematical condition, for the considered reactions in the framework of π + σ-exchange, independently on the value of the coupling constants and the parametrization of the form factors F_π and F_σ.

Such predictions on polarization observables, if experimentally verified, constitute a powerful test of the validity of the model, for γ + p → p + ρ^0. The T-even polarization observables A_x, A_z, defined in Eq. (2), which are not vanishing, bring information on the details of the model.

The asymmetry A_z is related to the Gerasimov-Drell-Hearn sum rule [20], which applies to the process of vector meson photoproduction on nucleons, γ + N → N + V . Typically, due to the relatively large threshold, its contribution is not so large [21]. But this asymmetry is considered here from another point of view.

The angular dependence of the asymmetry A_x follows a sin θ-distribution, as a result of the helicity conservation for the collinear regime.

Using the matrix elements, Eq. (6), one can find the following formulas for the asymmetries A_x and A_z in terms of the corresponding coupling constants (assuming, for simplicity, F_π (t) = F_σ(t)): A_{x,z} = −2Rλ ( m^2_π − t m^2_σ − t ) N_{x,z}, (7)

DN_z = m 2E_γ [ −1 − W^2 m^2 + 2 t m^2_V ] , (8)

DN_x = W 2E_γ √ − ( 1 − t_{min} t ) ( 1 − t_{max} t ) , (9)

D = 1 + R^2 ( m^2_π − t m^2_σ − t

)_2 ( 1 − 4m^2 t ) , (10)

R = g_{V σγ} g_{V πγ} g_{σNN} g_{πNN} , (11)

where m is the nucleon mass and tmax_{min} = m^2_V − 2ωE ± 2ωq and E = W^2 + m^2_V − m^2 2W , ω = W^2 − m^2 2W = E_γ m W , q = √ E^2 − m^2_V ,

E_γ is the photon energy in the c.m.s. and W^2 = m^2 + 2E_γ m.

At a fixed value of the ratio R, the asymmetries A_x and A_z , are functions of E_γ and of the momentum transfer squared, t, which varies in the interval: t_{min} ≤ t ≤ t_{max}. Figs. 2 and 3 illustrate the sensitivity of these asymmetries for the processes γ + p → p + ρ^0(ω) to the ratio R of the coupling constants g_{V σγ} and g_{V πγ} as functions of t, for different photon energies (in the near threshold region). One can see that the asymmetry A_z is characterized by a weak energy dependence, and by a relatively weak t-dependence, in the considered E_γ -interval, for a wide interval of R and m_σ . Being positive in the considered kinematical region, this asymmetry shows an essential sensitivity to the ratio R for any value of t and for the two values of E_γ , E_γ = 1.2 and 1.8 GeV.

The asymmetry A_x is large (in absolute value) for small values of t, where the differential cross section is larger - with a strong energy and t−dependence. This asymmetry is also sensitive to the ratio R and to m_σ .

Note that, in the framework of the considered model, π+σ-exchange, the relative values of the asymmetries A_x/A_z can be predicted exactly, without any dependence on m_σ and on the different coupling constants, being therefore a good test of the validity of the model.

Note that, in a similar way, it is possible to consider also similar polarization phenomena for the inelastic vector meson processes [22]:

⃗γ + ⃗p → N^∗(J^P = 1/2^±) + V, (12)

where N^∗(J^P = 1/2^±) is a nucleon resonance with spin J and parity P equal to J^P = 1/2^+ (the Roper resonance) or J^P = 1/2^− (the N(1535)). Applying the same model of π + σ-exchanges, one can see that the σ and π contributions to the matrix element of the process (11) do not interfere in the differential cross section with unpolarized particles. Therefore the Σ_B -asymmetry vanishes, but with the same the sensitivity to the relative role of π^− and σ-exchanges for the double polarization observables A_x and A_z. However, instead of the parameter R, one has to define another ratio, R^∗,

R^∗ = g_{V σγ} g_{V πγ} g_{σNN} ∗ g_{πNN} ∗ . Therefore, the measurement of the two ratios, R and R^∗ allows to determine the σN N^∗ coupling constant: R^∗ R = g_{σNN} ∗ g_{πNN} ∗ / g_{σNN} g_{πNN} . This ratio is independent on the radiative coupling constants, therefore the ratio R^∗/R is of the same order for ω and ρ-photoproduction, if the σ + π-model applies.

Note that the circular polarization of the photon beam results also in non-zero P_x- and P_z-components of the final proton polarization. Generally the observables P_x and P_z contain new dynamical information in comparison with the asymmetries A_x and A_z , but it is not the case in the considered model, where they are determined by the same formulas.

III. CONCLUSIONS

We derived the cross section and the polarization observables for the photoproduction of vector mesons on polarized protons, with a circularly polarized beam, ⃗γ + ⃗p → p + V^0, V^0 = ρ, ω or ϕ. We applied the σ + π-model in the near threshold region and gave predictions for the polarization observables. The two possible asymmetries A_x and A_z have been determined through the σ ⨂ π-interference, with a resulting sensitivity to the sign and the absolute value of the ratio R of the strong and the electromagnetic coupling constants (Eq. 11). Taking into account that the g_{V πγ} and the g_{πNN} coupling constants are well known from other sources, the measurements of the ratios R_ω and R_ρ will open the possibility to determine the g_{V σγ} - couplings. Taking the SU (3) prediction for the ratio g_{ωπγ} /g_{ρπγ} ≃ 3, which is in good agreement with the existing data on the widths of the radiative decays V → πγ, one can find: R_ρ R_ω = g_{ρσγ} g_{ωσγ} g_{ωπγ} g_{ρπγ} ≃ 3 g_{ρσγ} g_{ωσγ} . It is important to note that the ratio R_ρ/R_ω does not depend on the g_{σNN} coupling constant. The comparison of the obtained values of g_{ρσγ} /g_{ωσγ} with this ratio from the decay ω(ρ) → π^0 + π^0 + γ, will constitute a good test of the existing theoretical approaches.

Note that the asymmetries A_x and A_z, for the vector meson photoproduction on neutrons ⃗γ + ⃗n → n + V^0 have the same absolute values, but differ in sign from the corresponding asymmetries on polarized proton target. This is another possible test of the validity of the σ + π-model as any additional contribution to the matrix element of the considered process violates this relation.

[1] B. Friman and M. Soyeur, Nucl. Phys. A 100, 476 (1996).

[2] Q. Zhao, Z. Li, C. Bennhold, Phys. Rev. C 58, 2393 (1998); Phys. Lett. B 436, 42 (1998). [3] A. I. Titov, T.-S.H. Lee, H. Toki, O. Streltsova, Phys. Rev. C 60, 035205 (1999). [4] J. M. Laget, Phys. Lett. B 489, 313 (2000).

[5] H. Babacan, T. Babacan, A. Gokalp and O. Yilmaz, Eur. Phys. J. A 13, 355 (2002). [6] R. Machleidt, Adv. in Nucl. Phys. 19, 189 (1989). [7] A. Gokalp and O. Yilmaz, Phys. Rev. D 64, 034012 (2001). [8] T. M. Aliev, A. Ozpineci, and M. Savci, Phys. Rev. D 65, 076004 (2002). [9] A. Gokalp and O. Yilmaz, Phys. Rev. D 64, 093018 (2000). [10] D. E. Groom et al., Eur. Phys. J. C 15, 1 (2000).

[11] G. A. Miller, S.J. Brodsky and M. Karliner, Phys. Lett. B 481, 245 (2000). [12] K. Ackerstuff et al., [ HERMES Collaboration] ArXiv hep-ex/9910071. [13] M. Chemtob, E. J. Moniz and M. Rho, Phys. Rev. C10, 344 (1974). [14] E. Hummel and J. A. Tjon, Phys. Rev. Lett. 63, 1728 (1989); Phys. Rev. C 42, 423 (1990). [15] J.W. Van Orden et al., Phys. Rev. Lett. 75, 4369 (1995). [16] M. N. Achasov et al., JETP Letters 71, 355 (2000).

[17] K. Aulenbacher, Nucl. Instrum. and Meth. in Nucl. Res. A 391, 498 (1997). [18] K. Wijesooriya et al. [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 86, 2975 (2001). [19] M. P. Rekalo and E. Tomasi-Gustafsson, Phys. Lett. B 541, 101 (2002).

[20] S. B. Gerasimov, Sov. J. Nucl. Phys. 2, 430(1966) [Yad. Fiz. 2, 598 (1966)]; S. D. Drell and A. C. Hearn, Phys. Rev. Lett.

16, 908 (1966).

[21] Q. Zhao, J. S. Al-Khalili and C. Bennhold, Phys. Rev. C 65, 032201 (2002). [22] M. Soyeur, Nucl. Phys. A 532, 476 (2000).

FIG. 1. Feynman diagram for γ + p → p + V , corresponding to the exchange of a scalar (σ)and a pseudoscalar (π-meson).

FIG. 2. t-dependence of the asymmetries Az (a) and Ax (b) at Eγ =1.2 GeV, for different values of R and mσ: R=5 and mσ =0.5 GeV (thick solid line), R=5 and mσ =1 GeV (thin solid line), R=1 and mσ =0.5 GeV (dashed line), R=0.5 and mσ =0.5 GeV (dotted line):

FIG. 3. Same as Fig. 2, for Eγ =1.8 GeV.