arXiv:hep-ph/0608219 v2 20 Oct 2006

SLAC–PUB–12062 UK/TP-06-08 August 2006

Evidence for the Absence of Gluon Orbital Angular Momentum in the Nucleon^∗

Stanley J. Brodsky Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

Susan Gardner Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055

The Sivers mechanism for the single-spin asymmetry in unpolarized lepton scattering from a transversely polarized nucleon is driven by the orbital angular momentum carried by its quark and gluon constituents, combined with QCD final-state interactions. Both quark and gluon mechanisms can generate such a single-spin asymmetry, though only the quark mechanism can explain the small single-spin asymmetry measured by the COMPASS collaboration on the deuteron, suggesting the gluon mechanism is small relative to the quark mechanism. We detail empirical studies through which the gluon and quark orbital angular momentum contributions, quark-flavor by quarkflavor, can be elucidated.

∗Work supported in part by the U.S. Department of Energy under contracts DE–AC02– 76SF00515 and DE–FG02–96ER40989

The nucleon is a composite particle with spin 1/2. There is little doubt that the theory of quantum chromodynamics (QCD) describes the manner in which the nucleon’s spin is carried by its constituents, yet clarifying the details of this picture has incited intense theoretical and experimental activity [1]. Much has been made of the empirical fact that the spin of the nucleon is not given by the net helicity of its valence quarks [2]; however, this is not so much a “crisis” for QCD as it is for the nonrelativistic quark model, since the latter rationalizes the charges, spins, and magnetic moments of the baryons in terms of the properties of its constituent quarks. The rich structures revealed through deeply inelastic scattering experiments on the proton [3] and through Drell-Yan production of massive lepton pairs with hadron beams and targets [4], compellingly demonstrate the limitations of such a simple picture.

The nucleon contains both quark and gluon components in QCD, so that its spin of 1/2 must follow from the sum of the spin and orbital angular momenta carried by these constituents: 1 2 = L^{net}_q + 1 2 ΔΣ + L_g + Δg , (1)

where we write ΔΣ for the net helicity of the quarks. Our decomposition is referenced to a polarization axis, so that L^{net}_q and L_g are the components of the orbital angular momentum, due to quark and gluon constituents, respectively, with respect to that axis. The decomposition is not unique [5]. In what follows, we will use the decomposition based on the angular momentum tensor in light-cone gauge, A^+ = 0 [5], so that the gluon constituents have physical polarization S^z = ±1, and there are no ghosts [6]. Our conclusions concerning the decomposition of the nucleon spin will thus be specific to light-cone gauge, giving us a natural connection to the physics of light-front wave functions [6], which are invariably defined in this gauge. We note that a manifestly gauge-invariant decomposition is also possible [7].

Light-front wave functions (LFWFs) enjoy many advantages: they are frame independent, and the spins of the constituents satisfy J^z = ∑_n i=1 S^z_i + ∑_{n−1} i=1 L^z_i Fock state by Fock state for a polarization axis z — we emphasize that there are only n − 1 internal orbital angular momenta for a given Fock state with n constituents. The LFWFs are the eigensolutions of the QCD Hamiltonian defined at fixed light-front time τ = t + z/c. Indeed, LFWFs are the natural way to understand the structure of hadrons as probed through lepton scattering experiments. For example, the computation of the electromagnetic elastic form factors in the light-front formalism [8, 9] yields the insight [10] that the anomalous magnetic moment κ ≡ (e/2M)F_2(0) is non-zero only if the quark Fock components carry non-zero transverse orbital angular momentum, i.e., if S_⊥ · L^q_⊥ ≠ 0. We neglect fundamental T violation, so that κ is real [11]. Since the proton’s anomalous magnetic moment is nearly twice that of its Dirac magnetic moment, a “spin crisis” in DIS could have been altogether expected.

In this paper we will study constraints on the orbital angular momentum of the nucleon’s constituents using the azimuthal single-spin asymmetries produced from a target polarized transverse to the reaction plane. Such asymmetries have been seen in a variety of reactions, although we focus on those observed in semi-inclusive deeply inelastic lepton scattering (SIDIS), as in, e.g., ℓp^↑ → ℓ^′π^±X. In general, the singlespin asymmetry is proportional to the invariant form ϵ_{μνστ} P^μS^ν_p p^σ_π q^τ where S_p, the nucleon spin, satisfies S^2_p = −1 and S_p ·P = 0, where P is the nucleon momentum and q = p_l′ −p_l is the momentum transfer, with Q^2 = −q^2. The correlation is proportional to S_p · p_π × q in the target rest frame, and since it is of leading twist, it obeys Bjorken scaling [12]. This pseudo-T-odd correlation is engendered by final-state interactions (FSI) of the struck quark, and thus it does not reflect a fundamental violation of timereversal invariance [12, 13]. The discrete symmetry transformations in the light-front formalism are studied in detail in Ref. [11].

The azimuthal single-spin asymmetry (SSA) for π^± production in SIDIS from a unpolarized beam and transversely polarized target, is defined as [14] A^{π±}_{U T} (ϕ, ϕ_s) ≡ 1 |⟨S_p⟩| ( N^↑_π± (ϕ, ϕ_s) − N^↓_π± (ϕ, ϕ_s) N^↑_{π±} (ϕ, ϕ_s) + N^↓_{π±} (ϕ, ϕ_s) ) , ≡ A^C_{U T} sin(ϕ + ϕ_S ) + A^S_{U T} sin(ϕ − ϕ_S ) + .... , (2)

where the “C” and “S” superscripts refer to the asymmetries generated by the Collins and Sivers effects, respectively, and the definition of the azimuthal angles ϕ and ϕ_S are as in Ref. [14]. In the Collins mechanism [15], the asymmetry is formed through the product of the transversity distribution and a pseudo-T-odd spin-dependent fragmentation function which describes the correlation of the transverse polarization of the struck quark with the transverse momentum of the produced hadron. In the Sivers mechanism [16], the asymmetry arises from the product of a pseudo-T-odd distribution function which describes the correlation of the transverse momentum of the struck quark with the transverse nucleon spin and a spin-independent fragmentation function [17, 18]. The asymmetries arising from the two mechanisms differ in their precise azimuthal angle dependence and can be separated as in Eq. (2) [14]. If the thrust [19] of the quark jet can be empirically determined, then the Sivers asymmetry can be measured directly, where we replace p_π with p_q [12]. We consider the Sivers effect exclusively.

As discussed in Ref. [12], a non-zero Sivers SSA follows from the interference of two amplitudes M[γ^∗p(J^y_p ) → F ] of differing nucleon spin J^y_p = ±1/2 which couple to the same final-state F . In particular, the quantum numbers of the struck quark are the same in each case. The polarization axis y is chosen transverse to the scattering plane. The two amplitudes must also differ in their strong phase to generate a nonzero SSA, so that the SSA is proportional to Im(M[J^y_p = +1/2]^∗M[J^y_p = −1/2]). The photon cannot flip the helicity of the struck quark, so that the two amplitudes differ by |ΔL^y| = 1 to yield a non-zero result. The requisite matrix element is related, but not identical, to the matrix element which generates the anomalous magnetic moment [12]. In particular, the presence of a strong phase engendered by FSI is essential to generating a non-zero SSA.

The Sivers SSA A^S_{U T} is determined by the function f^{⊥ q}_{1T} (x, k^2_⊥), which is subsumed in f_{q/p ↑}(x, k_⊥), the distribution of unpolarized quarks in a transversely polarized proton of spin S and mass M; we define [20]

f_{q/p ↑}(x, k_⊥) = f^q_1 (x, k^2_⊥) − f^{⊥ q}_{1T} (x, k^2_⊥) ϵ^{μνρσ} P_μk_ν S_ρn_σ M(P · n) = f^q_1 (x, k^2_⊥) − f^{⊥ q}_{1T} (x, k^2_⊥)

(P̂ × k_⊥) · S M , (3)

in a frame where P̂ and n, an auxiliary lightlike vector, point in opposite directions. We thus have A^S_{U T} = − 2 M ⟨ ∑ q |k_⊥|e^2_qf^{⊥ q}_{1T} (x, k^2_⊥)D(z, p_π , k_⊥) sin^2(ϕ − ϕ_S )⟩ ⟨ ∑ q e^2_qf^q_1 (x, k^2_⊥)D(z, p_π , k_⊥)⟩

, (4)

where D(z, p_π , k_⊥) contains the fragmentation function D^{π±}_q (z, p_π) and ⟨. . .⟩ refer to the appropriate angle and k_⊥ integrals [21]. The quark electric charge e_q dependence follows since f_{q/p ↑}(x, k_⊥) comes from the square of the scattering amplitude. The function f^{⊥ q}_{1T} (x, k^2_⊥) can be extracted from f_{q/p ↑}, which is defined in a gauge-invariant way via [22, 23] f_{q/p ↑}(x, k_⊥) = ∫ dξ^− d^2ξ_⊥ 16π^3 e^{−ik+ ξ−+ik⊥ ·}ξ^⊥ × ⟨P |ψ(ξ_i, ξ)[∞, ∞; ξ^−, ξ_⊥]^†_C γ^+[∞, ∞; 0^−, 0_⊥]_C ψ(0, 0_⊥)|P ⟩ , (5)

where [. . .]_C denote gauge links stretched in both light-like and transverse directions [22], capturing the final-state interactions necessary for the SSA. As we shall see, the latter imply that the Sivers function can only be related, rather than identical to, the matrix element for the anomalous magnetic moment.

The ΔL^y needed for a non-zero single-spin asymmetry can stem from two distinct physical sources: ΔL^y can arise from either quark or gluon degrees of freedom [24, 25]. In the first case the virtual photon strikes a quark in a Fock component of the nucleon’s light-front wave function, whereas in the second case, the virtual photon fuses with a gluon in some |qqqg...⟩ Fock state of the nucleon to produce a qq pair. Analogues of both mechanisms can also contribute to the nucleon’s anomalous magnetic moment κ, as we shall detail. However, the empirical anomalous magnetic moments of the proton and neutron sum to nearly zero, suggesting that the gluon contribution to the anomalous magnetic moment is small. We shall argue that a similar cancellation observed in the SSA data from a deuteron target allows us to conclude that the gluon mechanism is small in this case as well. The two mechanisms we discuss are distinct, in part, because the virtual photon interacts with either an “intrinsic” quark, namely, a multiply-connected constituent of a multi-parton Fock state, or an “extrinsic” quark, produced as a member of a qq pair from photon-gluon fusion. The intrinsic quark carries an orbital angular momentum L_q, whereas the extrinsic quark carries, in part, the orbital angular momentum of the gluon constituent L_g which spawns it. We can similarly distinguish intrinsic from extrinsic gluons, so that an intrinsic gluon is also a multiply-connected constituent of a multi-parton Fock state. Our separation can be clouded by QCD evolution effects, for an extrinsic gluon spawned by the DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) splitting q → qg can fuse with the virtual photon to generate extrinsic quarks and a SSA. This mechanism thus serves to dilute the correlation between the gluon dynamics and the intrinsic gluon orbital angular momentum contribution to the proton spin.

We emphasize that the two mechanisms, quark and gluon, differ in their isospin character and, indeed, that SSA data on the proton and deuteron can be used to distinguish them. We note that a large SSA for π^+ production from a transversely polarized proton has been observed by the HERMES collaboration [14]; however, when an analogous observable is measured by the COMPASS collaboration from a deuterium target [26], the SSA is consistent with zero. The polarization of the deuteron itself is used to define the spin correlation. The deuteron with spin S^y_d = +1 normal to the scattering plane has both nucleon spins aligned S^y_p = +1/2 and S^y_n = +1/2. Since the deuteron is a weakly bound state, the SSA from the deuteron is the sum of single-spin asymmetries (SSAs) for the proton and neutron to a very good approximation. The small SSA observed with a^2H target is, in fact, natural if the matrix element is related to that of the anomalous magnetic moment — the empirical p and n anomalous magnetic moments sum to nearly zero. However, we shall show that this connection can only occur with the L_q mechanism; the isospin structure of the L_g mechanism is altogether distinct. In this regard whether the gluon-mediated SSA emerges from intrinsic or extrinsic gluons is without consequence. We note, in passing, that the use of other polarized nuclear targets can give empirical checks of these observations; for example, polarized^3He offers an effective neutron target, up to “spin dilution” corrections of some 10% [27]. We shall now develop these ideas in detail.

To set the stage, we review the manner in which the anomalous magnetic moment of the nucleon is connected to the quark orbital angular momentum in the light-front formalism. Working in the interaction picture for the electromagnetic current J^μ(0) and the q^+ = 0 frame [8, 9], we have [10] κ = − ∑ a ∑ j e_j ∫ [dx][d^2k_⊥]ψ^∗_a(x_i, k_{⊥i}, λ_i)S_⊥ · L^{qj}_⊥ ψ_a(x_i, k_{⊥i}, λ_i) ≡ ∑ q e_qa_q , (6)

where we write κ in units of e/2M and define S_⊥ · L^{qj}_⊥ ≡ (S_+L^{qj}_− + S_−L^{qj}_+ )/2 with S_± = S_1 ± iS_2 and L^{qj}_± = ∑ i≠j xi(∂/∂k1i ∓ i∂/∂k2i) — the last sum is over quark

flavor q. Consequently, the orbital angular momentum contribution L^{qj}_± associated with a struck quark j in Fock state a is not an independent variable, but, rather, is determined by the sum of the orbital angular momenta of all the spectator partons in that Fock state. This notion also gives rise to the vanishing anomalous gravitomagnetic moment for composite systems, Fock state by Fock state [28]. Although we regard L^{qj}_⊥ as the transverse orbital angular momentum associated with the struck quark j, the explicit sum over i ≠ j makes it apparent that the transverse orbital angular momenta carried by gluon spectators implicitly contributes to its definition. Moreover, both quark and gluon contributions from the parent nucleon Fock state are captured by the matrix element of the L^{qj}_⊥ operator, as the gluon can fluctuate to a qq pair, to which the photon can couple. It is these quark- and gluon-mediated contributions which we distinguish as the “quark” and “gluon” mechanisms. We note that the light-front formalism in A^+ = 0 gauge permits a simple kinematic operator representation of the L_z operator; this, in turn, permits S_⊥ · L^{qj}_⊥ to act as a ladder operator which raises or lowers the value of L_z in this representation. In the last equality of Eq. (6) we subsume the Fock-state sum to define the contribution to the anomalous magnetic moment, quark flavor by quark flavor; the a_j are real. The phase-space integration is given by ∫ [dx] [d^2k_⊥] ≡ ∑ λ_i,c_i,f_i [_n ∏ i=1 (∫ ∫ dx_i d^2k_{⊥i} 2(2π)^3 )] 16π^3δ ( 1 − n∑ i=1 x_i ) δ^{(2)} (_n ∑ i=1 k_{⊥i} ) , (7)

where n denotes the number of constituents in Fock state a, and we sum over the possible {λ_i}, {c_i}, and {f_i} in state a. The summations are over all contributing Fock states a and struck constituent charges e_j ; we refrain from including the constituents’ color and flavor dependence in the arguments of the light-front wave function (LFWF) ψ^{Sz}_a , which we define in the A^+ = 0 gauge, with the principal-value prescription for singularities in k^+. We emphasize that both quark and gluon degrees of freedom in the nucleon’s LFWF contribute to Eq. (6). Either an intrinsic or extrinsic gluon constituent in the nucleon can couple to a photon via a qq pair. The lowest-order effective γ^∗gg vertex, a contribution to the anomalous magnetic moment, is forbidden by C invariance, though the radiation of an extra gluon from the effective vertex removes this constraint and makes it finite. We note the gluon mechanism should contribute to κ_p and κ_n with equal weight, up to isospin-breaking effects, yet the empirical isoscalar magnetic moment of the nucleon, κ_S ≡ (κ_n + κ_p)/2 = −0.06, is numerically very small relative to |κ_{n,p}| — suggesting that the gluon mechanism is itself small.

Returning to the Sivers function, we define f_{q/p ↑}(η, l_⊥) = u(P, λ^′) [ f^q_1 (η, l^2_⊥)γ^+ − f^{⊥ q}_{1T} (η, l^2_⊥)iσ^{+α} l_{⊥ α} M ] u(P, λ) , (8) where u(P, λ) is a Dirac spinor associated with a spin-1/2 state of momentum P and helicity λ [29], with y the polarization axis — only the α = 1, 3 matrix elements are nonzero. We identify f_{q/p ↑}(η, l_⊥) as the function q(η, l_⊥) of Ref. [22], where we work in leading twist and ignore all QCD evolution effects. Turning to the light-front formalism in A^+ = 0 gauge, with boundary conditions appropriate to SIDIS, a Fock component of the proton’s LFWF has the form ψ̃^{Sy}_a = ψ^{Sy}_a exp(iϕ^{Sy}_a ); we emphasize that the LFWFs are complex in this case [22]. Note that we contrast the LFWF for a proton in isolation to that for a proton immersed in an external electromagnetic gauge field. For simplicity we assume the LFWFs differ only in the phase ϕ^{Sy}_a . Working in the q^+ = 0 frame we thus identify

f^{⊥ q}_{1T} (η, l^2_⊥) l_1 M = − i 2 ∑ a n∑ j=1 δ_{qqj} ∫ [dx][d^2k_⊥] { ψ^{↑ ∗}_a (x^′_i, k^′_{⊥i}, λ_i)ψ^↓_a(x_i, k_{⊥i}, λ_i)

× Im exp ( i(ϕ^↓ − ϕ^↑) ) + ψ^{↓ ∗}_a (x^′_i, k^′_{⊥i}, λ_i)ψ^↑_a(x_i, k_{⊥i}, λ_i)Im exp ( −i(ϕ^↓ − ϕ^↑) ) } , (9)

where k^′_{⊥j} = k_{⊥j} + l_⊥ and x^′_j = x_j + η for the struck constituent j and k^′_{⊥i} = k_{⊥i} − x_il_⊥/(1 − x_j ) and x^′_i = x_i[1 − η/(1 − x_j )] for each spectator i, where i ≠ j. The existence of a term in l_⊥ mandates not only orbital angular momentum [30] but also the imaginary parts in the right-hand side (RHS) of Eq. (9) — a FSI phase must be present to incur a SSA. We have suppressed the arguments of ϕ^{Sy} but assert that it depends on the magnitude and not the direction of k^{(′)}_{⊥i}, so that the |ΔL^y| = 1 structure of the matrix element entails the l_1 dependence, specifically that the RHS ∼ −(i/2)[(l_3 − il_1) − (l_3 + il_1)] = −l_1, as found in explicit model calculations [12, 23, 31]. The Kronecker δ ensures that the struck quark is of flavor q. Following the development of Eq. (6) in Ref. [10], we find that f^{⊥ q}_{1T} (x, l^2_⊥) can also be written in terms of the matrix element of a spin-orbit operator, if we consider the leading terms as l_⊥ → 0:

f^{⊥ q}_{1T} (η, 0) M = ∑ a ∑ j δ_{qqj} ∫ [dx][d^2k_⊥] 1 2i(1 − x_j ) [ ψ̃^∗_a(x^′_i, k_{⊥i}, λ_i)S_{⊥T} · L^{qj}_{⊥T} ψ̃_a(x_i, k_{⊥i}, λ_i)

−ψ^∗_a(x^′_i, k_{⊥i}, λ_i)S_{⊥T} · L^{qj}_{⊥T} ψ_a(x_i, k_{⊥i}, λ_i) ] , (10)

where ψ^{Sy}_a ≡ ψ^{Sy}_a exp(−iϕ^{Sy}_a ), S_{⊥T} · L^{qj}_{⊥T} ≡ (S_{+T} L^{qj}_{−T} − S_{−T} L^{qj}_{+T} )/2, S_{±T} = S_3 ± iS_1, and L^{qj}_{±T} = ∑ i≠j xi(∂/∂k3i ∓ i∂/∂k1i). We define f^{⊥ q}_{1T} (η, l^2_⊥) M ≡ −ã_q(η, l^2_⊥) , (11)

where the ã_j are real. A comparison of Eqs. (6) and (10) prompts us to include a minus sign in the definition of ã_q(x, l^2_⊥). We note in passing that the generalized parton distribution E(x, ζ, t) probed in virtual Compton scattering (VCS) can also be connected to the nucleon’s orbital angular momentum. The generalized form factors in VCS, γ^∗(q) + p(P ) → γ^∗(q^′) + p(P^′) with t = Δ^2 and Δ = P − P^′ = (ζP^+, Δ_⊥, (t + Δ^2_⊥)/ζP^+), have been constructed in the light-front formalism [33]. Using Eq. (40) of Ref. [33], and the procedure and syntax of Eq. (6), noting q_⊥ → Δ_⊥, we determine, for ζ ≤ x ≤ 1, E(x, ζ, 0) 2M = ∑ a ( √ 1 − ζ)^{1−n} ∑ j δ(x − x_j ) ∫ [dx][d^2k_⊥]

× ψ^∗_a(x^′_i, k_{⊥i}, λ_i)S_⊥ · L^{qj}_⊥ ψ_a(x_i, k_{⊥i}, λ_i) , (12)

with x^′_j = (x_j −ζ)/(1−ζ) for the struck parton j and x^′_i = x_i/(1−ζ) for the spectator parton i. We emphasize that the LFWFs for Fock-state a with spin up or down for fixed struck quark helicity differ by |ΔL^z | = 1 because L^{qj}_⊥ contains ladder operators.

The SSAs and the Anomalous Magnetic Moments

We see that the matrix element, Eq. (10), which drives the Sivers SSA bears similarity to that of the anomalous magnetic moment [12, 34, 35, 32, 36, 37, 38]. To understand the consequences of this in a transparent way, we recall that under an assumption of isospin symmetry, we have a^p_d = a^n_u, a^p_u = a^n_d , a^p_d = a^n_u, a^p_u = a^n_d , and a^p_q = a^n_q for sea quarks of other flavors. Isospin symmetry acts at the level of the hadronic matrix elements; the quark charges are not isospin mirrors. Neglecting the contributions of anti-quarks we have

κ_p = 1.79 = (+2/3)a^p_u + (−1/3)a^p_d κ_n = −1.91 = (−1/3)a^n_d + (+2/3)a^n_u = (+2/3)a^p_d + (−1/3)a^p_u , (13)

to yield a^p_d = a^n_u = −2.03 and a^p_u = a^n_d = 1.67. Concommitant isospin relations follow for the ã_q of Eq. (11) as well. We also neglect the contributions of the antiquarks to the existing SSA data, which is consistent with recent fits [21, 39, 40]. In what follows, if we conjecture that the isospin structure of the empirical anomalous magnetic moments is that of the Sivers SSA, then we find the relative strength of the various ã^p_q (η, l^2_⊥) can be estimated through that of the a^p_q . Recalling Eqs. (4) and (11), the negative sign of a^p_d predicts a negative sign of the SSA for lp → l^′π^−X, whereas a^p_u = 0.835 predicts a positive asymmetry for mesons produced by favored fragmentation from the u quark. As noted in Refs. [35, 32, 36], both predictions are consistent with HERMES data at sufficiently large z [14].

As to the magnitudes of the SSAs, although |a^p_u| < |a^p_d|, the SSA engendered by u-quark fragmentation from a proton is enhanced by a factor of 4, since the asymmetry is controlled by e^2_u. In the absence of anti-quark contributions, the SSA for π^− production should indeed be small, and this is observed [14]. Recent model fits [21, 39] are consistent with these trends. To be more specific, we note the fits of Ref. [39] yield S_u = −0.81 ± 0.07 and S_d = 1.86 ± 0.28, where S_q is to be compared to −⟨ã_q⟩, with ⟨ã_q⟩ defined to be the average value of ã_q(η, l^2_⊥). This implies that the SSA asymmetry from u-quark fragmentation is smaller than that predicated from the use of the empirical anomalous magnetic moments alone. Although we expect the strong phase from the Wilson line to be isoscalar, the extra factor of 1/(1 − x_j ) in the matrix element of Eq. (10) could change the relative strength of the u and d contributions. Nevertheless, considering the consequences of this simple picture for the deuteron data, we note that a^p_u + a^n_u = a^p_d + a^n_d = −0.360, implying that the SSA for u-quark fragmentation to leading positively charged hadrons, as well as d-quark fragmentation to leading negatively charged hadrons, ought be small. This is borne out by the recent COMPASS data in SIDIS from a deuteron target [26]. Such a cancellation is consequent to the differing signs of a^{p,n}_u and a^{p,n}_d [21, 39].

Quark or Gluon Orbital Angular Momentum?

We now wish to use the differing isospin structure of the L_q and L_g mechanisms to infer the relative size of these contributions to the total orbital angular momentum of the nucleon. The isospin structure of the L_g mechanism is distinctive, for a gluon in a nucleon Fock state will produce uu or dd pairs with equal weight — up to tiny differences driven by the u-d mass difference. Thus the u-quark and d-quark SSAs add constructively in SIDIS from a^2H target; there is no cancellation of this I = 0 physics. However, the L_g mechanism cannot always generate a leading hadron, i.e., a contribution which survives in the z → 1 limit. For example, to realize the lp → l^′π^±X reaction via the L_g mechanism, two qq pairs must be produced to recover a π^± hadron. It is significant, then, that the SSAs from the deuteron are consistent with zero for z > 0.35 [26], for both positively and negatively charged leading hadrons [41]. In this kinematic region the SSA asymmetry in π^+ production on the proton is increasing, so that the gluon mechanism can contribute in this z region. Moreover, the value of x, for leading hadrons, ranges from 0.006 to 0.3, so that the gluon mechanism can contribute in this x region. The empirical SSAs in leading hadrons from^2H are consistent with zero, though, for all but the smallest z. In the context of the L_q mechanism this can be understood as emerging from an approximate cancellation of the p and n SSAs, reflective of the isospin structure of the anomalous magnetic moments. The^2H data thus allow us to conclude that L_g is small compared to the quark contributions. We note in passing that theoretical arguments based on the large N_c expansion lead to a similar conclusion [42].

We can also crudely quantify the extent to which the L_g mechanism is absent. To estimate the relative size of the strong phase in the L_q and L_g cases, we employ the same reasoning as used in interpreting the ratio of the rapidity plateaus in gluon versus quark jets [43, 44, 45]. That is, we assume the phases scale, gluon to quark, as 2.25, as per a leading-order analysis in the QCD coupling [43, 44, 45]. Then, if we compute the ratio of the SSA from positively charged, leading hadrons on a^2H target [26] to that from leading π^+ production on a proton target [14], and divide by a factor of roughly 2·2.25 ≈ 4.5, as the deuteron contains two nucleons, we can estimate the relative strength of the two mechanisms. We find that the gluon mechanism is smaller than the quark mechanism by a factor of 0.2. The nucleon’s orbital angular momentum appears to be largely carried by its quarks. We can also use the ratio of SSAs for u- to d-quark jets in SIDIS on the proton to determine the ratio of ã^p_u/ã^p_d as a function of η and l^2_⊥. To realize this experimentally, one needs to work at large z where the jet tagging is reliable, i.e., where the hadron type tags the flavor of the “struck” quark.

We have argued that the L_g mechanism is small and cannot always produce a leading hadron, so that one is left to ponder how current empirical constraints can be bettered. It strikes us as efficacious to study SSAs associated with produced hadrons of non-valence quark content. The γ^∗g → ss → K^−K^+ + X reaction is one such possibility. In principle, one can trace the SSA of the K^−K^+ to the gluon’s orbital angular momentum L_g. One can also consider the γ^∗g → ss → ϕ + X reaction: the SSA in ϕ production. Both reactions are important tests for the L_g mechanism, since the gluon contributions of the two nucleons to the SSA add. One can consider these processes as aspects of the gluon jet. In this, we ignore the possibility of intrinsic strangeness in the nucleon’s non-perturbative structure, since parity-violating electron scattering experiments show the strangeness contribution to the proton’s anomalous magnetic moment to be small [46]. We note that Anselmino et al. have discussed accessing the Sivers gluon distribution through open charm production [25]; this is similar in conception to the suggestions we offer here.

The Sivers asymmetry from gluons can also be studied directly, if the empirical thrust [19] of the gluon jet axis can be determined. If this could be done, the study of the L_g mechanism would be much facilitated, as the Collins mechanism would no longer contribute. To extract detailed numerical information about the gluon mechanism from the SSAs, one ultimately requires information about the strong phase from FSI; nevertheless, the experiments we suggest do serve to bound the size of the gluon’s orbital angular momentum contribution to the nucleon’s spin.

Let us conclude with a brief summary.

• A non-zero SSA follows from the interference of two amplitudes of differing nucleon spin, but of common quark helicity.

• The two amplitudes must also differ in their strong phase to generate a nonzero SSA, so that the matrix element which yields the Sivers function cannot be identical to that for the anomalous magnetic moment. Nevertheless, the signs of the SSAs from leading u- and d-quark fragmentation from the proton correlate with those of the u and d-quark contributions to the anomalous magnetic moment, analyzed under an assumption of isospin symmetry.

• The anomalous magnetic moment, the Sivers function, and the generalized parton distribution E can all be connected to matrix elements involving the orbital angular momentum of the nucleon’s constituents. To be specific, the matrix elements are between LFWFs that differ by one unit of orbital angular momentum along the polarization axis; this follows as we compute matrix elements of the angular momentum lowering or raising operator.

• The SSA can be generated by either a quark or gluon mechanism, and the isospin structure of the two mechanisms is distinct. The approximate cancellation of the SSA measured on a deuterium target suggests that the gluon mechanism, and thus the orbital angular momentums carried by gluons in the nucleon, is small.

Acknowledgments: S.G. thanks Wolfgang Korsch for bringing the single spin asymmetry data on^2H to her attention and the SLAC theory group for gracious hospitality.

Note added: After the completion of our paper, we became aware of work contemporary to ours by Anselmino et al., Ref. [47], which draws similar conclusions from the measured SSA in p^↑p → π^0X scattering.

References

[1] B. W. Filippone and X. D. Ji, Adv. Nucl. Phys. 26 (2001) 1 and references therein.

[2] J. Ashman et al. [European Muon Collaboration], Phys. Lett. B 206 (1988) 364.

[3] J. Botts, J. G. Morfin, J. F. Owens, J. Qiu, W. K. Tung, and H. Weerts [CTEQ Collaboration], Phys. Lett. B 304 (1993) 159; A. D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Lett. B 306 (1993) 145 [Erratum-ibid. B 309 (1993) 492].

[4] E. A. Hawker et al. [FNAL E866/NuSea Collaboration], Phys. Rev. Lett. 80 (1998) 3715; G. T. Garvey and J. C. Peng, Prog. Part. Nucl. Phys. 47 (2001) 203.

[5] R. L. Jaffe and A. Manohar, Nucl. Phys. B 337 (1990) 509.

[6] S. J. Brodsky, H. C. Pauli, and S. S. Pinsky, Phys. Rept. 301 (1998) 299.

[7] X. D. Ji, Phys. Rev. Lett. 78 (1997) 610.

[8] S. D. Drell and T. M. Yan, Phys. Rev. Lett. 24 (1970) 181.

[9] G. B. West, Phys. Rev. Lett. 24 (1970) 1206.

[10] S. J. Brodsky and S. D. Drell, Phys. Rev. D 22 (1980) 2236.

[11] S. J. Brodsky, S. Gardner, and D. S. Hwang, Phys. Rev. D 73 (2006) 036007.

[12] S. J. Brodsky, D. S. Hwang, and I. Schmidt, Phys. Lett. B 530 (2002) 99.

[13] J. C. Collins, Phys. Lett. B 536 (2002) 43; J. C. Collins, Acta Phys. Polon. B 34 (2003) 3103.

[14] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. Lett. 94 (2005) 012002.

[15] J. C. Collins, Nucl. Phys. B 396 (1993) 161.

[16] D. W. Sivers, Phys. Rev. D 41 (1990) 83; D. W. Sivers, Phys. Rev. D 43 (1991) 261.

[17] M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett. B 362 (1995) 164;

M. Anselmino and F. Murgia, Phys. Lett. B 442 (1998) 470. [18] D. Boer and P. J. Mulders, Phys. Rev. D 57 (1998) 5780.

[19] E. Farhi, Phys. Rev. Lett. 39 (1977) 1587; S. Brandt, C. Peyrou, R. Sosnowski, and A. Wroblewski, Phys. Lett. 12 (1964) 57.

[20] A. Bacchetta, U. D’Alesio, M. Diehl, and C. A. Miller, Phys. Rev. D 70 (2004) 117504.

[21] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia, and A. Prokudin, Phys. Rev. D 72 (2005) 094007 [Erratum-ibid. D 72 (2005) 099903].

[22] A. V. Belitsky, X. Ji, and F. Yuan, Nucl. Phys. B 656 (2003) 165. [23] X. Ji and F. Yuan, Phys. Lett. B 543 (2002) 66. [24] M. Burkardt, Phys. Rev. D 69 (2004) 091501.

[25] M. Anselmino, M. Boglione, U. D’Alesio, E. Leader, and F. Murgia, Phys. Rev.

D 70 (2004) 074025.

[26] V. Y. Alexakhin et al. [COMPASS Collaboration], Phys. Rev. Lett. 94 (2005) 202002.

[27] C. Ciofi degli Atti, S. Scopetta, E. Pace, and G. Salme, Phys. Rev. C 48 (1993) 968.

[28] S. J. Brodsky, D. S. Hwang, B. Q. Ma, and I. Schmidt, Nucl. Phys. B 593 (2001) 311.

[29] G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22 (1980) 2157. [30] S. J. Brodsky, J. R. Hiller, D. S. Hwang, and V. A. Karmanov, Phys. Rev. D 69 (2004) 076001.

[31] An overall sign should appear in Eq. (21) in Ref. [12], as noted in Ref. [32]. [32] M. Burkardt and D. S. Hwang, Phys. Rev. D 69 (2004) 074032.

[33] S. J. Brodsky, M. Diehl, and D. S. Hwang, Nucl. Phys. B 596 (2001) 99. [34] M. Burkardt, Phys. Rev. D 66 (2002) 114005. [35] M. Burkardt, Nucl. Phys. A 735 (2004) 185. [36] M. Burkardt, Phys. Rev. D 69 (2004) 057501. [37] M. Burkardt, Phys. Rev. D 72 (2005) 094020. [38] M. Burkardt and G. Schnell, arXiv:hep-ph/0510249. [39] W. Vogelsang and F. Yuan, Phys. Rev. D 72 (2005) 054028. [40] Preliminary SSA data in K^+ production on the proton from the HERMES collaboration is much larger than that for π^+ production. This suggests, however, that the role of anti-quarks may be larger than assumed. N. Makins, talk at the NNPSS, July, 2006, http://www.physics.indiana.edu/ñnpss/Makins.pdf .

[41] In this study [26] the COMPASS collaboration defines the leading hadron as the most energetic hadron with z > 0.25 which originates from the reaction vertex.

[42] A. V. Efremov, K. Goeke, S. Menzel, A. Metz, and P. Schweitzer, Phys. Lett. B 612, 233 (2005) [arXiv:hep-ph/0412353].

[43] S. J. Brodsky and J. F. Gunion, Phys. Rev. Lett. 37 (1976) 402. [44] K. Konishi, A. Ukawa, and G. Veneziano, Phys. Lett. B 78 (1978) 243. [45] A. Capella, I. M. Dremin, J. W. Gary, V. A. Nechitailo, and J. Tran Thanh Van, Phys. Rev. D 61 (2000) 074009.

[46] D. S. Armstrong et al. [G0 Collaboration], Phys. Rev. Lett. 95 (2005) 092001;

K. A. Aniol et al. [HAPPEX Collaboration], Phys. Lett. B 635 (2006) 275; D. T. Spayde et al. [SAMPLE Collaboration], Phys. Lett. B 583 (2004) 79; T. M. Ito et al. [SAMPLE Collaboration], Phys. Rev. Lett. 92 (2004) 102003.

[47] M. Anselmino, U. D’Alesio, S. Melis, and F. Murgia, arXiv:hep-ph/0608211.