arXiv:hep-ph/0406074 v2 14 Jun 2004

Preprint RM3-TH/04-13

Generalized Parton Distributions in the Light-Front Constituent Quark Model^a

Silvano Simula

Istituto Nazionale di Fisica Nucleare, Sezione di Roma III, Via della Vasca Navale 84, I-00146 Roma, Italy E-mail: simula@roma3.infn.it

Abstract

The Generalized Parton Distributions (GP Ds) of the nucleon are analyzed within the relativistic constituent quark model formulated on the light-front. It is shown that the matrix elements of the plus component of the one-body vector current are plagued by spurious effects related to the dependence on the hyperplane where the nucleon wave function is defined in terms of its constituents. The physical GP Ds can be extracted only from the matrix elements of a transverse component of the one-body current. The loss of the polinomiality property is then related to the neglect of the pair creation process for non-vanishing values of the skewness. The need of implementing effective many-body currents corresponding to the Z-graph is stressed and a possible approach to achieve such a goal is proposed.

aTo appear in the Proceedings of the International Conference on The Physics of excited Nucleons (N^∗ 2004), Grenoble (France), March 24-27, 2004, World Scientific Publishing (Singapore), in press.

1 Introduction

The physics issue of Generalized Parton Distributions (GP Ds) is attracting a lot of theoretical interest and its experimental investigation is now included in the plans of various laboratories in the world. The importance of GP Ds relies on the fact that they represent a unified theoretical picture of various inclusive and exclusive (both polarized and unpolarized) processes off hadrons in the Deep Inelastic Scattering (DIS) regime. The GP Ds provide information of the longitudinal and transverse distributions of partons inside the hadrons, because they are off-forward matrix elements of quark and gluon operators [1]. The GP Ds depend on three variables: the internal light-front (LF ) fraction x, the squared 4-momentum transfer Δ^2 and the skewness ξ, which is the relative change of the LF fraction of the hadron momentum. In the forward limit (ξ = Δ^2 = 0) the GP Ds reduce to the usual Parton Distribution Functions (P DF s), while their integrals over x provide the elastic form factors of the hadron under investigation.

Using deeply virtual Compton scattering processes as well as hard exclusive production of vector mesons, information on the GP Ds may be extracted from data (see [2]). Therefore various calculations of GP Ds have been already performed using different models of the hadronic structure, like the bag model [3], the chiral quark-soliton model [4] and the Constituent Quark (CQ) model [5, 6]. We should mention also phenomenological estimates of the GP Ds, obtained using parameterizations of the usual P DF s and factorizing the Δ^2- dependence according to the elastic form factors [7].

In this contribution we consider the estimate of the nucleon GP Ds within the relativistic CQ model formulated on the light-front. Our aim is to extend to the case of GP Ds some of the results of the analysis made in Refs. [8, 9] on elastic hadron form factors. It will be shown that the matrix elements of the plus component of the one-body vector current are plagued by spurious effects related to the dependence on the hyperplane where the nucleon wave function is defined in terms of its constituents. The physical GP Ds can be extracted only from the matrix elements of a transverse component of the one-body current. The loss of the polinomiality property is then related to the neglect of the pair creation process (Z-graph [10]) for non-vanishing values of ξ. The need of implementing effective many-body currents corresponding to the Z-graph will be stressed, and a possible approach to achieve such a goal will be proposed.

2 Definition of nucleon GP Ds and link with the CQ model

In what follows we limit ourselves to the case of the nucleon GP Ds related to the vector current, adopting the so-called symmetric frame. According to Ref. [11] the nucleon offforward, twist-two parton distributions are defined in terms of light-cone correlation functions in the gauge A · ω = 0 as ∫ dλ 2π e^{iλx}⟨P^′ν^′|ψ̄(−λω/2)γ^μ ψ(λω/2)|P ν⟩ = u(P^′ν^′) Γ^μ u(P ν) + ... , (1) where ω is a null vector, ν (ν^′) is the initial (final) helicity of the nucleon, the dots denote higher-twist terms and

Γ^μ = H(x, ξ, Δ^2) γ^μ + E(x, ξ, Δ^2) iσ^{μρ}Δ_ρ 2M (2) with Δ ≡ P^′−P being a space-like 4-vector (Δ^2 ≤ 0), ξ ≡ −ω·Δ/(2ω·P ) and P = (P^′+P )/2. The physical support of the GP Ds is |x| ≤ 1 (see [1]).

The nucleon GP Ds, H(x, ξ, Δ^2) and E(x, ξ, Δ^2), can be extracted from the matrix elements of the plus component of the vector current. Denoting [u(P^′ν^′) Γ^μ u(P ν) / 2P^+] by I^μ_ν′_ν , one has

I^+_ν′_ν = √ 1 − ξ^2 [ H − ξ^2 1 − ξ^2 E ] δ_ν′_ν − i √ Δ^2_0 − Δ^2 2M E (σ_2)_ν′_ν (3)

where σ_2 is a Pauli matrix and Δ^2_0 ≡ −4M^2ξ^2/(1 − ξ^2). In Eq. (3) the transverse vector ⃗Δ_⊥ is assumed to be (Δ_⊥, 0) with Δ_⊥ = √ (1 − ξ^2)(Δ^2_0 − Δ^2).

In the forward limit Δ^ρ → 0 one has H(x, 0, 0) = q(x_B = x) for x > 0 and H(x, 0, 0) = −q̄(x_B = −x) for x < 0, where x_B is the Bjorken variable and q(x_B) is the ordinary P DF , while

∫_1 −1 dx H(x, ξ, Δ^2) = F_1(Δ^2),

∫_1 −1 dx E(x, ξ, Δ^2) = F_2(Δ^2), (4)

where F_1 (F_2) is the Dirac (Pauli) elastic form factor of the nucleon. Note that the l.h.s. of Eq. (4) is independent on the skewness ξ.

An estimate of the nucleon GP Ds has been recently proposed in Ref. [6] using the relativistic CQ model formulated on the light-front, at least for large values of x where valence quark degrees of freedom dominate the behavior of DIS structure functions. In [6] the expansion of the nucleon state in terms of N-parton LF wave functions, derived in Ref. [12], was used to argue a correspondence (or link) between the nucleon wave function pertinent to relativistic CQ models and the lowest Fock-space component of the nucleon, i.e. the valence-quark LF wave function. As a result the valence-quark contribution to the GP Ds was explicitly obtained [6] in terms of the three-CQ wave function of the nucleon arising in quark potential models. The calculated GP Ds have however a restricted physical support, x ≥ ξ, and, moreover, their first moments (4) do depend upon ξ.

3 Spurious effects in the LF CQ model

Two are the main criticisms that we make to the link proposed in [6]. The first one is that the CQs are not expected at all to be in a one-to-one correspondence with current quarks, like the valence quarks, at least because of the different mass. Moreover, the hypothesis of a compositeness of the CQs has a very long history, and we limit ourselves just to mention the recent analysis made in [13], where an almost model-independent evidence for extended substructures in the proton was found in the low-Δ^2 data on the structure function F_2 of the proton. As pointed out in [5], the assumption that CQs have their own partonic content, allows to generate GP Ds with a physical support not restricted to x ≥ ξ, but corresponding at least to x ≥ −ξ. This is not a trivial point, but in order to better focus on the second criticism the CQ compositeness will be neglected hereafter.

The second criticism arises from the fact that, following the link proposed in [6], one is led to estimate the valence-quark contribution to the GP Ds using the one-body approximation for the vector current operator. While in field theory current operators are one-body, in relativistic quantum models, like the LF one adopted in [6], the restriction to a finite number of degrees of freedom and the requirement of Poincarè covariance introduce unavoidably many-body terms in the current operators (see [14]). Therefore, the CQ estimates of the GP Ds should be extracted from the matrix elements of a complicated many-body operator, which we denote by

I^μ_ν′_ν (x, ξ, Δ^2) ≡ ⟨Ψ^{(LF )}(P^′ν^′)| V^μ |Ψ^{(LF )}(P ν)⟩ / 2P^+ (5)

where Ψ^{(LF )} denoted the LF (three-CQ) wave function of the nucleon as described in [8, 6], and V^μ = ∑ j e_j γ^μ δ[x + ξ − (1 + ξ) x_j ] + (many − body terms), with x_j being the LF fraction of the struck CQ. The matrix elements (5) have the same Lorentz decomposition as in Eq. (2), viz.

I^μ_ν′_ν = u(P^′ν^′) Γ^μ u(P ν) / 2P^+ ,

Γ^μ = H(x, ξ, Δ^2) γ^μ + E(x, ξ, Δ^2) iσ^{μρ}Δ_ρ 2M , (6)

where H and E are the CQ estimates of the nucleon GP Ds. Thus the latter can be extracted from the matrix elements of the plus component, I^+_ν′_ν , as in Eq. (3). Note that if the Lorentz decomposition (6) holds, then the same GP Ds can be extracted also from the transverse matrix elements with μ = y, where y is the direction transverse to ⃗Δ_⊥ in the ⊥-plane.

The critical point occurs when the full current V^μ is replaced by its one-body approximation

V^μ → V^μ_{(1)} = ∑ j e_j γ^μ δ[x + ξ − (1 + ξ) x_j ] . (7)

As firstly pointed out by Karmanov and Smirnov [15] in case of form factors and subsequently derived from the analysis of the Feymann triangle diagram in Ref. [16], the Lorentz decomposition of the matrix elements of an approximate current includes spurious structures depending on the null 4-vector ω^μ, which identifies the orientation of the hyperplane where LF wave functions are defined. The particular direction defined by ω^μ is irrelevant in the possible Lorentz structures only when the full current V^μ is used. In other words, in full analogy with the case of the elastic nucleon form factors analyzed in Refs. [17, 8], one has I^μ_ν′_ν → ( I_{(1)} )_μ ν^′ ν = u(P ′ν^′) { Γ^μ_{(1)} + B^μ_{(1)} } u(P ν) / 2P^+ ,

Γ^μ_{(1)} = H_{(1)}(x, ξ, Δ^2) γ^μ + E_{(1)}(x, ξ, Δ^2) iσ^{μρ}Δ_ρ 2M , B^μ_{(1)} = B_{(1)}(x, ξ, Δ^2) [ γ · ω ω · P − 1 M(1 + η) ] P^μ + C_{(1)}(x, ξ, Δ^2) ω^μ ω · P + D_{(1)}(x, ξ, Δ^2) γ · ω ω · P ω^μ ω · P , (8)

where B_{(1)}, C_{(1)} and D_{(1)} are spurious GP Ds, while H_{(1)} and E_{(1)} are the physical GP Ds in the one-body approximation; moreover, η ≡ −Δ^2/4M^2. Note that Δ_μB^μ_{(1)} ∝ ξ, so that gauge-invariance is lost for ξ ≠ 0.

The presence of the ω-dependent structures in Eq. (8) does not allow any more to extract the physical GP Ds from the matrix elements of the plus component of the vector current. Indeed one has ( I_{(1)}

)_+

ν^′ ν = √ 1 − ξ^2 [ ~H_{(1)} − ξ^2 1 − ξ^2

~E_{(1)} ] δ_ν′_ν − i √ Δ^2_0 − Δ^2 2M ~E_{(1)}(σ_2)_ν′_ν ,

~H_{(1)} = H_{(1)} − ξ^2 1 − ξ^2

E_{(1)} + B_{(1)} [ 1 − 1 (1 + η)(1 − ξ^2) ] , ~E_{(1)} = E_{(1)} + B_{(1)}/(1 + η) . (9)

Note that ~H_{(1)}(x, 0, 0) = H_{(1)}(x, 0, 0), i.e. forward parton distributions are free from spurious effects, as it should be in the Bjorken regime.

The matrix elements of the y component of the vector current are free from spurious effects and the physical GP Ds can be obtained from ( I_{(1)} )_y ν^′ν = i M P^+ 1 √ 1 − ξ^2 { −ξ [ H_{(1)} −

Δ^2_⊥ 4M^2

E_{(1)} ] (σ_1)_ν′_ν + Δ_⊥ 2M [ H_{(1)} + E_{(1)} ] (σ_3)_ν′_ν } (10)

with Δ_⊥ = √ (1 − ξ^2)(Δ^2_0 − Δ^2). Similar results holds as well in case of the helicity dependent GP Ds related to the axial current. We do not report here the final formulae for lack of space.

Any difference between ~H_{(1)} ( ~E_{(1)}) and H_{(1)} (E_{(1)}) is the signature of spurious effects, which can therefore affect the dependence of the model GP Ds on x, ξ and Δ^2. The numerical impact in case of the explicit calculations of Ref. [6] is left to future works. We just mention that in case of the magnetic form factors of the nucleon the very existence and relevance of spurious effects have been already demonstrated in Ref. [8] (see there Fig. 5). Another interesting case, in which the role of spurious effects shows up dramatically, is represented by the nucleon axial charge, g_A. In Ref. [18] it is claimed that the difference between the experimental value (g^{(exp.)}_A = 1.26) and the non-relativistic CQ result (g^{(N R)}_A = 1.67) can be explained by relativistic effects due to Melosh rotations. However, the LF calculation of Ref. [18] is plagued by spurious effects and therefore it is not correct. Once the spurious effects are properly subtracted and the same values of the relevant CQ parameters used in [18] are adopted, the LF estimate becomes g_A = 1.63, i.e. quite close to the non-relativistic result !

4 Pair creation process from the vacuum

The use of the y component of the vector current allows to obtain nucleon GP Ds free from spurious effects. However, an important drawback of the one-body approximation (7) still remains, namely the loss of the polinomiality property [11] or, simply, the fact that the first moments of the model GP Ds do depend upon ξ. Such a dependence is nothing else than the frame-dependence of the form factors calculated within the one-body current. In this respect an extensive investigation of the elastic form factors of pseudoscalar and vector two-fermion systems has been carried out in Ref. [9], adopting the LF Hamiltonian formalism both at ξ = 0 and ξ ≠ 0. Huge numerical differences in the form factors have been found between the frame in which ξ = 0 and the one where ξ = ξ_{max} = √ Δ^2/(Δ^2 − 4M^2). The origin of such differences is entirely due to the pair creation process from the vacuum (Z-graph), as shown in Ref. [9] using the results of the analysis of the Feynman triangle diagram obtained in Ref. [16].

The Z-graph is a process beyond the one-body approximation and represents a manybody current, which vanishes at ξ = 0 and becomes more and more important as ξ increases. Its evaluation is mandatory to obtain the appropriate ξ-dependence of the GP Ds, so that the form factors obtained by integration of the GP Ds become truly frame independent.

Since the contribution of the Z-graph is vanishing when ξ = 0, the form factors obtained using the one-body current plus the Z-graph at ξ ≠ 0 should coincide with the ones calculated directly at ξ = 0 with the one-body term only. Thus, within the LF formalism the evaluation of the Z-graph is not strictly necessary to calculate the form factors. These can be obtained by choosing ξ = 0, which kills the Z-graph and minimizes therefore the impact of many-body currents (see [9]). The vanishing of the Z-graph at ξ = 0 is peculiar of the LF formalism. Indeed, in other Dirac forms of the dynamics, like the point-form, it is not possible to find a frame where the Z-graph is vanishing. Thus the impact of many-body currents may become quite important in the point form, as it has been extensively investigated by Desplanques (see Ref. [19] and references therein).

The explicit construction of an effective many-body current corresponding to the Zgraph is important for two reasons: i) to obtain form factors which are independent (at least to a large extent) of the particular choice of the form of the dynamics; ii) to estimate the appropriate ξ-dependence of GP Ds fulfilling the polinomiality property. Such a construction is not an easy task. Up to our knowledge, the most promising approach to include the effects of the Z-graph is the dispersion formulation of the CQ model [20]. Such a formulation allows a covariant evaluation of the Feynman triangle diagram (including the Z-graph), providing therefore hadron form factors which are exactly frame independent. As expected, the dispersion result coincides with the LF one at ξ = 0. The dispersion CQ model has been also applied [21] to time-like 4-momentum transfers (Δ^2 > 0), where the usual LF formalism (see [22]) is plagued by the neglect of the Z-graph.

The dispersion formulation of the CQ model does already the requested job of including the effects of the Z-graph in case of form factors. Its extension to off-forward matrix elements and the inclusion of the CQ compositeness represent in our opinion the most promising way to achieve a covariant CQ calculation of hadron GP Ds.

5 Conclusions

The nucleon generalized parton distributions have been analyzed within the relativistic constituent quark model formulated on the light-front. We have shown that the matrix elements of the plus component of the one-body vector current are plagued by spurious effects related to the dependence on the hyperplane where the nucleon wave function is defined in terms of its constituents. The physical GP Ds can be extracted only from the matrix elements of a transverse component of the one-body current. The loss of the polinomiality property is related to the neglect of the pair creation process for non-vanishing values of the skewness. The need of implementing effective many-body currents corresponding to the Z-graph is stressed, and in this respect the use of the dispersion formulation of the constituent quark model [20] is expected to be the most promising way to achieve covariant CQ estimates of the nucleon GP Ds fulfilling the polinomiality property.

References

[1] For a recent review on GP Ds see: M. Diehl, Phys. Rept. 388, 41 (2003).

[2] HERMES coll., A. Airapetian et al., Phys. Rev. Lett. 87, 182001 (2001).

CLAS coll., S. Stepanyan et al., Phys. Rev. Lett. 87, 182002 (2001). H1 coll., C. Adloff et al., Phys. Lett. B517, 47 (2001).

[3] X. Ji, W. Melnitchouk and X. Song, Phys. Rev. D56, 5511 (1997).

[4] V.Yu. Petrov et al., Phys. Rev. D57, 4325 (1998). M. Penttinen, M.V. Polyakov and K. Goeke, Phys. Rev. D62, 014024 (2000). K. Goeke, M.V. Polyakov and M. Vanderhaegen, Prog. Part. Nucl. Phys. 47, 401 (2001).

[5] S. Scopetta and V. Vento: Eur. Phys. J. A16, 527 (2003); Phys. Rev. D69, 094004 (2004).

[6] S. Boffi, B. Pasquini and M. Traini, Nucl. Phys. B649, 243 (2003); Nucl. Phys. B680, 147 (2004).

[7] L. Frankfurt et al., Phys. Lett. B418, 345 (1998). A. Radyushkin, Phys. Lett. B449, 81 (1999). A. Freund and V. Guzey, Phys. Lett. B462, 178 (1999). I.V. Musatov and A. Radyushkin, Phys. Rev. D61, 074027 (2000).

[8] F. Cardarelli and S. Simula, Phys. Rev. C62, 065201 (2000). [9] S. Simula, Phys. Rev. C66, 035201 (2002).

[10] L.L. Frankfurt and M.I. Strikman, Nucl. Phys. B148, 107 (1979). G.P. Lepage and S.J. Brodsky, Phys. Rev. D22, 2157 (1980). M. Sawicki, Phys. Rev. D46, 474 (1992). T. Frederico and G.A. Miller, Phys. Rev. D45, 4207 (1992). V.V. Anisovich et al., Nucl. Phys. A563, 549 (1993). N.B. Demchuk et al., Phys. of Atom. Nuclei 59, 2152 (1996).

[11] X. Ji, Phys. Rev. Lett. 78, 610 (1997); J. Phys. G24, 1181 (1998). [12] M. Diehl et al., Nucl. Phys. B596, 33 (2001). S. Brodsky, M. Diehl and D.S. Huang, Nucl. Phys. b596, 99 (2001).

[13] R. Petronzio, S. Simula and G. Ricco, Phys. Rev. D67, 094004 (2003); nucl-th/0310015.

S. Simula, Phys. Lett. B574, 189 (2003).

[14] B.D. Keister and W.N. Polyzou, Advances in Nuclear Physics 20, 225 (1991). F. Coester, Progress in Part. and Nucl. Phys. 29, 1 (1992).

[15] V.A. Karmanov and A.V. Smirnov, Nucl. Phys. A546, 691 (1992); ib. A575, 520 (1994). For a recent review see: J. Carbonell, B. Desplanques, V.A. Karmanov and J.-F. Mathiot, Phys. Rept. 300, 215 (1998).

[16] D. Melikhov and S. Simula, Phys. Rev. D65, 094043 (2002); Phys. Lett. B556, 135 (2003).

[17] V.A. Karmanov and J.-F. Mathiot, Nucl. Phys. A602, 388 (1996). [18] S.J. Brodsky and F. Schlumpf, Phys. Lett. B329, 111 (1994). [19] B. Desplanques, nucl-th/0405060 and nucl-th/0405059.

[20] For a recent review see D. Melikhov, Eur. Phys. J. direct C4, 2 (2002) [hep-ph/0110087] and references therein.

[21] D. Melikhov, N. Nikitin and S. Simula, Phys. Lett. B410, 290 (1997); Phys. Rev. D57, 6814 (1998); Phys. Lett. B428, 171 (1998); Phys. Lett. B430, 332 (1998); Phys. Lett. B442, 381 (1998).

[22] I.L. Grach, I.M. Narodetskii and S. Simula, Phys. Lett. B385, 317 (1996).