Polarized structure functions

E. Reya

Universität Dortmund, Institut für Physik D-44221 Dortmund, Germany E-mail: reya@het.physik.uni-dortmund.de

Abstract. The spin structure function g_1(x, Q^2) and the related longitudinally

polarized parton densities δ^{(−)}f(x, Q^2) are discussed in LO and NLO QCD for different factorization schemes within the common ‘standard’ scenario of polarized pdfs with a flavor–symmetric light sea (antiquark) distribution δq̄ and a completely SU(3)_f broken ‘valence’ scenario with totally flavor-asymmetric light sea densities (δū ≠ δd̄ ≠ δs̄). The latter flavor-broken light sea densities are modelled with the help of a Pauli– blocking ansatz which complies with predictions of the chiral quark–soliton model and expectations based on the statistical parton model as well as with the corresponding, well established, flavor–broken unpolarized sea (d̄ > ū). Various parametrizations of polarized pdfs and results of recent analyses are discussed and compared, with particular emphasis on their implications at small x and for the polarized gluon distributions δg(x, Q^2). Further (future) direct measurements of δū and δd̄ are discussed and suggested, such as polarized semi–inclusive DIS production processes of charged hadrons, polarized Drell–Yan (γ^∗) dilepton production processes for future longitudinally polarized ⃗p ⃗p and ⃗p ⃗d collision experiments, and the production of weak vector bosons (W^±, Z^0) via singly and doubly longitudinally polarized pp and pn collisions.

1. The spin structure function g_1(x, Q^2) and longitudinally polarized parton distributions

Measurements of longitudinally polarized deep–inelastic lepton nucleon scattering (DIS), ← ℓ^{⇀↽}N→ ℓ N, yield direct information on the spin asymmetry [1]

A^N_1 (x, Q^2) ≡ σ(^←ℓ^→N) − σ(^←ℓ^←N) σ(^←ℓ^→N) + σ(^←ℓ^←N) ≃ g^N_1 (x, Q^2) F^N_1 (x, Q^2) = g^N_1 F^N_2 /[2x(1 + R^N )]

, (1.1)

N = p, n and d = (p + n)/2 where in the latter case g^d_1 = (g^p_1 + g^n_1 )[1 − 3ω_D/2]/2 with ω_D = 0.058, R = F_L/2xF_1 = (F_2 − 2xF_1)/2xF_1 and subdominant contributions [1] being, as usual, neglected. These structure functions are defined via the hadronic tensor by

W_{μν} = −g_{μν} F_1 + 1 p · q p_μ p_ν F_2 + i M p · q ε_{μναβ} q^αs^βg_1 + . . . (1.2) with the proton’s momentum and polarization satisfying p^2 = M^2 and s^2 = −1, respectively. (Effects of weak currents and structure functions [1] will be disregarded.) In terms of parton distribution functions (pdfs) of definite helicity, f_± with f = q, q̄, g, the unpolarized (spin averaged) pdfs f(x, Q^2) = f_+ + f_− are related to the well known unpolarized structure functions F_{1,2}, and the longitudinally polarized pdfs δf(x, Q^2) = f_+ − f_− determine g_1.

It should be emphasized that, as in our original analysis [2], we keep computing [3] both g_1 and F_1 entirely in leading–twist QCD, the reason being the smallness of possible higher–twist contributions to A_1(x, Q^2), as effectively parametrized in terms of a factor [1 + A_{HT} (x)/Q^2], i.e. present polarized DIS data [4] imply [3, 5] A_{HT} (x) ≃ 0. Thus possible higher–twist terms appear to effectively cancel in the ratio of g_1 and F_1 in (1.1) despite the fact that different operators contribute to the operator–product– expansion for g_1 and F_1. Several groups have analyzed g_1(x, Q^2) along these lines recently [3, 5, 6, 7] in order to avoid contaminations from power-suppressed higher– twist contributions, since “safe” cuts (Q ≥ 4 GeV^2, W^2 ≡ Q^2(1 − x)/x ≥ 10 GeV^2) as in unpolarized DIS cannot be applied to presently available polarized DIS data without losing too much information. Furthermore, in order to obtain F_1(x, Q^2) in (1.1) we [3] used the GRV98 pdfs [8] along with the leading order (LO) (note that R = 0 at LO) or next–to–LO (NLO) coefficient functions for F_2 and R in (1.1).

An alternative, frequently adopted approach [9]–[16] is to take F_2(x, Q^2) and R(x, Q^2) from experimental measurements. In this case, A_{HT} (x) turns out to be sizeable [3, 5] and thus possible higher–twist contributions to g_1(x, Q^2) become uncontrollable. Similar remarks hold for ‘mixed’ approaches [17]–[19] where only R is taken from experiment, with F_2 being given by the usual leading–twist QCD expression.

The longitudinally polarized structure function g_1 defined in (1.2) is, up to NLO, related to the longitudinally polarized (anti)quark and gluon densities (δf) in the following well known way:

g_1(x, Q^2) = 1 2 ∑ q e^2_q { δq(x, Q^2) + δq̄(x, Q^2) + α_s(Q^2) 2π [δC_q ∗ (δq + δq̄) + 2δC_g ∗ δg] } (1.3)

with the convolutions δC_f ∗f being defined in the usual way. The MS coefficient functions δC_f (x) can be found in [2], where all the necessary ingredients for the Q^2–evolutions have been formulated as well. The marginal charm contribution to g_1 stemming from the subprocess ⃗γ^∗⃗g → cc̄ will be neglected [20]. The NLO quantities δC_i(x) and the 2–loop splitting functions δP^{(1)}_{ij} (x) separately depend on the factorization scheme chosen. In other words, if one chooses a different factorization scheme according to δC → δC + Δ, in a generic but obvious notation, this change has to be compensated by an appropriate change of δP^{(1)},

δP^{(1)} → δP^{(1)} + β_0 2 Δ − [Δ, δP^{(0)}] (1.4) in order to keep g_1 invariant, i.e. convention (scheme) independent to O(α^2_s) [21]. In the MS scheme the gluonic coefficient function in (1.3) satisfies

ΔC_g ≡

∫_1 0 δC_g(x)dx = 0 (MS) (1.5)

i.e. the total gluon helicity Δg(Q^2) decouples from the first (n = 1) moment of g_1(x, Q^2). Nevertheless, δg(x, Q^2) plays an important role in analyses of g_1(x, Q^2) since, for the time being, current measurements [4] always refer to x^>∼ 0.01. On the other hand, in the gluon ‘off–shell’ (−p^2 > 0), chirally invariant (CI) or JET, or ‘Adler–Bardeen’ schemes [1, 6, 22, 23, 24] one has

ΔC_g = − 1 2 (‘off − shell^′, CI/JET or AB scheme) . (1.6)

(In the somewhat artificial AB scheme [24] the coefficient Δ_g in (1.4), which appears in the transformation of δC_g, is chosen to be independent of x.) In these latter schemes the total (anti)quark helicity ΔΣ is conserved, i.e. Q^2–independent, and thus can remain ‘constituent–like’ at any scale.

The total helicity of a specific parton f = u, ū, d, d̄, s, s̄, g is given by the first (n = 1) moment, as in (1.5),

Δf(Q^2) ≡

∫_1 0 δf(x, Q^2) dx . (1.7)

Thus, according to (1.3) in the MS scheme,

Γ_1(Q^2) ≡

∫_1 0 g_1(x, Q^2) dx = 1 2 ∑ q e^2_q [ Δq(Q^2) + Δq̄(Q^2) ] ( 1 − α_s(Q^2) π ) (1.8)

which is usually reexpressed in terms of diagonal flavor SU(3)_f quantities

Γ^{p,n}_1 (Q^2) = [ ± 1 12 Δq_3 + 1 36 Δq_8 + 1 9 ΔΣ(Q^2) ] ( 1 − α_s(Q^2) π ) (1.9)

with the conserved (Q^2–independent) flavor–nonsinglet components Δq_3 ≡ Δ(u + ū) − Δ(d + d̄) (1.10) Δq_8 ≡ Δ(u + ū) + Δ(d + d̄) − 2Δ(s + s̄) (1.11) and the flavor–singlet component is given by ΔΣ(Q^2) ≡ ∑ q=u,d,s

Δ(q + q̄) = Δq_8 − 3Δ(s + s̄)(Q^2) . (1.12)

Before discussing possible constraints and scenarios for these polarized (sea) pdfs of the nucleon, let me remind you that present polarization experiments [4] typically yield, at a scale Q^2 = 5 GeV^2, Γ^p_1(5) = 0.12 ± 0.01 , Γ^n_1 (5) = −0.06 ± 0.01 . (1.13)

1.1. SU(3)_f symmetric ‘standard’ (unbroken–sea) scenario

This is the most commonly used scenario for analyzing polarization data, where one assumes the polarized sea to be fully flavor–symmetric δq̄(x, Q^2) ≡ δū = δu_{sea} = δd̄ = δd_{sea} = δs = δs̄ (1.14) which, nevertheless, appears to be rather unrealistic in view of the strongly flavor–broken unpolarized sea (d̄ > ū ≫ s̄), see, for example [8]. Furthermore, the flavor–nonsinglet total helicities in (1.10) and (1.11) are entirely constrained by neutron and hyperon β–decay rates [25]:

Δq_3 = F + D = g_A = 1.2670 (35) (1.15) Δq_8 = 3F − D = 0.58 ± 0.15 . (1.16) Note that the first constraint (1.15) is very solid, being nothing else than the Bjorken sum rule,

Γ^p_1(Q^2) − Γ^n_1 (Q^2) = 1 6 g_A(1 − α_s(Q^2)/π) , (1.17)

including the NLO α_s–corrections according to (1.9), since it follows from the fundamental isospin SU(2)_f symmetry [1]. The second ‘standard’ constraint (1.16) is, however, controversial because it relies on the full SU(3)_f symmetry for the baryon octet, since data from Σ^− → n transitions are needed.

With these assumptions and constraints, eq. (1.9) becomes

Γ^{p,n}_1 (Q^2) = [ ± 1 12 (F + D) + 5 36 (3F − D) + 1 3 Δ(s + s̄)(Q^2) ] × (1 − α_s(Q^2)/π) , (1.18) i.e. one needs here a finite sizeable strange sea polarization Δs(Q^2) < 0 in order to achieve the experimentally required reduction of the Ellis–Jaffe LO expectation [26] (which is obtained by assuming a vanishing helicity of th strange sea, Δs = Δs̄^!= 0)

Γ^p_{1,EJ} = 1 12 (F + D) + 5 36 (3F − D) = 0.186(4) (1.19)

etc., to be compared with (1.13).

1.2. SU(3)_f broken ‘valence’ (broken–sea) scenario

The assumption of the flavor–symmetric ‘standard’ scenario with its unbroken sea density in (1.14) is expected to be unrealistic, following our experience in the unpolarized case, d̄ > ū ≫ s̄, where the experimentally required suppression of the strange sea has been accomplished by a vanishing input s(x, μ^2) = s̄(x, μ^2) = 0 in GRV98 [8] at the dynamical input scales Q^2_0 ≡ μ^2_{LO,NLO} = 0.26, 0.40 GeV^2. Along these lines we therefore suggested and analyzed a fully flavor-broken polarized sea scenario [3] where δū(x, Q^2) ≠ δd̄(x, Q^2) ≠ δs̄(x, Q^2) ≃ 0 , (1.20) or, more precisely, corresponding to an input

δū(x, μ^2) = δu_{sea}(x, μ^2) ≠ δd̄(x, μ^2) = δd_{sea}(x, μ^2) δs(x, μ^2) = δs̄(x, μ^2) = 0 . (1.21)

Since, as in the unpolarized case, polarized DIS alone is insensitive to δū ≠ δd̄ we need, for the time being, some model assumptions for substantiating the SU(2)_f broken part of the input in (1.21), as will be discussed below. (Notice that g^{(γ∗)}_1 ∼ δq + δq̄ remains invariant for δq → δq − δϕ_q and δq̄ → δq̄ + δϕ_q with restrictions on δϕ_q(x) occurring only in the ‘valence’ scenario where [3] Δϕ_d = −Δϕ_u).

Furthermore the full SU(3)_f flavor symmetry, giving rise to the constraints (1.15) and (1.16), is broken in the ‘valence’ scenario to the extent [27] that the flavor–changing hyperon β–decay data fix only the total helicity of valence quarks Δq_v ≡ Δq − Δq̄, i.e. Δu_v(Q^2_0) − Δd_v(Q^2_0) = F + D and Δu_v(Q^2_0) + Δd_v(Q^2_0) = 3F − D. Thus at the input scale Q^2_0 = μ^2 we have instead of (1.15) and (1.16)

Δq_3 = Δu_v(μ^2) − Δd_v(μ^2) + 2 [ Δū(μ^2) − Δd̄(μ^2) ] = F + D (1.22)

Δq_8(μ^2) = Δu_v(μ^2) + Δd_v(μ^2) + 2 [ Δū(μ^2) + Δd̄(μ^2) ] = 3F − D + 2 [ Δū(μ^2) + Δd̄(μ^2) ] = ΔΣ(μ^2) (1.23)

on account of (1.21). The imposed constraint (1.22) guarantees the Bjorken sum rule (1.17) to hold manifestly. Now eq. (1.9) becomes

Γ^{p,n}_1 (Q^2) = [ ± 1 12 (F + D) + 5 36 (3F − D) + 10 36 ( Δū(Q^2) + Δd̄(Q^2) )] × (1 − α_s(Q^2)/π) (1.24)

apart from a marginal contribution Δs(Q^2) = Δs̄(Q^2) < 0 which is generated dynamically via the NLO evolution to Q^2 > μ^2_{NLO} even for the vanishing input in (1.21). Thus, in this case [3], only the total light–quark sea contribution in (1.24) has to be negative, Δū(Q^2) + Δd̄(Q^2) < 0 (with Δs(Q^2) ≃ 0), in order to achieve the experimentally required reduction of the Ellis–Jaffe expectation (1.19).

As mentioned above g_1–data are insensitive to flavor–isospin breaking effects δū ≠ δd̄ and presently available polarized semi–inclusive DIS ⃗e ⃗p (⃗d) → e h^±X experiments [28, 29] are, unfortunately, not yet accurate enough to delineate differences between δū and δd̄. Therefore, for the time being, we have to resort to some models which may provide us with the required input densities δū(x, μ^2) ≠ δd̄(x, μ^2) as will be discussed in the following Section.

2. Parametrizations of polarized pdfs and results

For the determination of the NLO(LO) polarized pdfs δf(x, Q^2) one commonly relates, due to the limited statistics of present polarization data, the polarized input densities to the unpolarized ones multiplied by an appropriate x–dependent ‘dilution’ factor to be determined by the polarization data under consideration: δf(x, Q^2_0) = N_f x^{αf} (1 − x)^{βf} f(x, Q^2_0) . (2.1) Prefactors of this kind guarantee that the positivity constraints |δf(x, Q^2)| ≤ f(x, Q^2) will be fulfilled almost automatically and comply to some extent with intuitive (perturbative) theoretical arguments [30], such as ‘helicity retention’ δf(x, Q^2_0) → f(x, Q^2_0) as x → 1 and ‘color coherence’ for sea and gluon densities δf(x, Q^2_0)/f(x, Q^2_0) ∼ x^a as x → 0 with a = O(1) which is compatible with Regge a_1–exchange. Despite the fact that our recent fits [3] resulted mainly in sizeable α_f and small β_f in (2.1), it is not known at what scale Q_0 such intuitive theoretical constraints are supposed to apply for the nonperturbative input distributions. Anyway, enforcing in our fits all β_f to vanish increases the total χ^2 by several units, giving rise to worse fits than our optimal ones. Alternatively, one may choose an input parametrization [15] δf(x, Q^2_0) = A_f x^{αf} (1 + γ_f x^{λf} )f(x, Q^2_0) (2.2) which allows ‘helicity retention’ to be fulfilled straightforwardly. In any case the quality of the various fits to the data is similar. Frequently, the unpolarized valence–like GRV [8] input distributions f(x, μ^2) are used [3, 10, 14] at their dynamical input scale Q^2_0 = μ^2_{LO, NLO} as fixed, via Q^2–evolutions, by experiment, or at some larger arbitrarily chosen [15] scale Q^2_0 = 1 GeV^2. Other unpolarized input densities which result from global data analyses, like the ones of MRST [31], are of course employed as well [5, 6].

Alternatively, one may parametrize just δq_{3,8}, ΔΣ and Δg in order to reduce the amount of free fit–parameters, but in this case [9, 11] one ends up with less ‘predictive’ power for the individual polarized pdfs δf(x, Q^2).

2.1. Results of the ‘standard’ unbroken–sea scenario

The fitted asymmetries A^N_1 (x, Q^2) are in very good agreement with all presently available data (including the recent SLAC-E155 A^p_1 data [32]), see fig. 1 of [3], with our optimal fits [3] corresponding to a total χ^2 of χ^2/209 data pts. = 174.9 LO 169.8 NLO(MS) . (2.3) These ‘optimal’ results are statistically not too significant for the polarized gluon distributions obtained, since drastically different choices for the gluon input δg(x, μ^2) = ± xg(x, μ^2), 0, . . . change the total χ^2 in (2.3) by just one unit, δχ^2 = ±1, but give rise to very different predictions for g^N_1 (x, Q^2) in the small–x region, x < 0.01, i.e. below present measurements (see fig. 3 of [3]). The importance of the gluon input for the small–x behavior of g_1(x, Q^2) can be best illustrated with the help of the double– leading–logarithmic (DLL) approximation where [1]

g_1(x, Q^2)^{DLL}∼_{x→0} ( 4 3 δΣ_0 − 3δg_0 ) exp 2 ( 24 β_0 ln α_s(Q^2_0) α_s(Q^2) ln 1 x )_{1/2}

. (2.4)

For example, a positive δg_0 input will eventually cause the positive g^p_1 to turn negative at small x. Therefore a fixed-power Regge (a_1) extrapolation of g_1 ∼ x^{0.5... 0} for calculating, for example, Γ_1(Q^2) is unreliable. Notice, in particular, that a vanishing gluon input δg(x, μ^2) = 0 is, for the time being, entirely compatible with all present data as shown by the dashed curves in fig. 3 of [3]. On the other hand, fully saturated (via the positivity constraint) gluon inputs δg = ±g appear to be disfavored by present data as shown by the dotted curves in fig. 3 of [3].

The main differences between our corresponding new LO/NLO input densities [3] and our old GRSV95 ones [2] are somewhat harder δd (due to the new neutron data) and δg distributions (mainly caused by the recent SLAC-E155 A^p_1 data [32]) although, as discussed above, the polarized gluon from our ‘optimal’ fit is only slightly preferred (cf. fig. 4 of [3]). These “optimal” pdfs at Q^2 = 5 GeV^2 (see fig. 5 of [3]) are similar to the δu, δd and δq̄ results obtained in [14, 15]. The polarized gluon densities of AAC [15], where the new SLAC-E155 A^p_1 data[32] have not been taken into account, are, however, sizeably larger in the medium to large x region than our new ones and the ones of [14]; similarly large xδg(x, 5) have been obtained in our old GRSV95 analysis [2]. The allowed bands of our weakly constrained new LO/NLO gluon distributions [3] are similar to the ones obtained in [14].

The corresponding total polarizations (first moments) are at NLO and Q^2 = 5 GeV^2 ΔΣ(5) = 0.20 , Δq̄(5) ≡ Δs(5) = Δs̄(5) = −0.064 , (2.5) which are similar to the LO results [3], and imply Γ^p_1(5) = 0.132 and Γ^n_1 (5) = −0.062 to be compared with the experimental values in (1.13). These quantities are weakly dependent on Q^2, in contrast to the gluon polarization Δg(Q^2) which turned out to be Δg(5) = 0.71 according to our ‘optimal’ fit [3] corresponding to an input Δg(μ^2_{NLO}) = 0.24 at μ^2_{NLO} = 0.40 GeV^2. As already emphasized δg(x, Q^2), and thus Δg(Q^2), are only weakly constrained by present data: changing the total χ^2 in (2.3) by just one unit, δχ^2 = ±1, results in the somewhat more reliable bound −0.81^<∼ Δg(5)^<∼ 1.73 (2.6) corresponding to an input −0.45^<∼ Δg (μ_{NLO})^<∼ 0.7, and similar results hold in LO. It is also interesting to observe that the nucleon’s spin carried by the total helicities of quarks and gluons amounts, according to our ‘optimal’ fit, to 1 2 ΔΣ(μ^2_{NLO, LO}) + Δg(μ^2_{NLO, LO}) ≃ 0.35, 0.32 (2.7)

which implies already a sizeable orbital contribution L_{q+g}(μ^2_{NLO}) ≃ 0.15 to the spin of the proton at low input scales according to the fundamental helicity sum rule 1 2 = 1 2 ΔΣ(Q^2) + Δg(Q^2) + L_{q+g}(Q^2) . (2.8)

This is in contrast to our somewhat more intuitive previous GRSV95 result [2] L_{q+g}(μ^2_{NLO, LO}) ≃ 0, but the rather weakly constrained Δg(Q^2), cf. (2.6), allows of course such an option.

Similar agreeable fits [3] are of course also obtained within the ‘standard’ scenario if one chooses to employ a different factorization scheme. For example, in the CI or JET scheme [6, 22, 23] one has, cf. (1.6),

ΔΣ(Q^2) = ΔΣ_{CI} − 3 α_s(Q^2) 2π Δg(Q^2)_{CI} (2.9)

with ΔΣ_{CI} being conserved. The resulting total polarizations turn out to be about twice as large as the above MS quantities, ΔΣ_{CI} ≃ 0.4 and a large positive Δg(μ^2_{NLO})_{CI} ≃ 0.6 − 0.7, as might be expected according to (2.9), with the individual δq̄_{CI} and Δq̄_{CI} being about 50% smaller than the MS ones in (2.5), Δq̄_{CI}(Q^2) ≃ −0.03.

2.2. Results of the ‘valence’ broken–sea scenario

As emphasized in Sect. 1.2, polarized DIS data alone are insensitive to flavor–isospin breaking effects δū ≠ δd̄. Thus some model assumptions are needed to fix the d̄ − ū splitting. Generalizing the suggestion [33] that the unpolarized asymmetry is related to the Pauli exclusion principle (“Pauli–blocking”) to the polarized case we suggested the following relation [34]

δd̄(x, μ^2)/δū(x, μ^2) = δu(x, μ^2)/δd(x, μ^2) (2.10)

for estimating the flavor–symmetry breaking of the polarized sea. This empirical relation is derived from the a posteriori observation [34] that the unpolarized pdfs satisfy d̄/ū ≃ u/d for x^<∼ 0.3 at the input scale which holds for almost all present parametrizations [8, 31, 35]. In other words, d̄ > ū since u > d, i.e. uū pairs in the sea are suppressed more than dd̄ pairs by the exclusion principle because there are more u– than d–quarks in the proton. Similarly, (2.10) implies |δd̄| > δū since experimentally δu > |δd|. The quality of our recent LO and NLO fits A^N_1 (x, Q^2) in this broken ‘valence’ scenario is practically identical to the one in the unbroken ‘standard’ scenario of the previous Section where, instead of (2.3), we now obtained [3]

χ^2/209 data pts. = 172.0 LO 170.5 NLO(MS) (2.11)

and the same ambiguities persist (weakly constrained gluons, etc.) by changing this ‘optimal’ χ^2 by δχ^2 = ±1 as obtained above for the ‘standard’ scenario. The resulting δq and δq̄ are of course different than the ones in the unbroken ‘standard’ scenario, with δg remaining rather similar (see figs. 6 and 8 of [3]). It should be emphasized that we always expect for the broken light–sea input densities

δū > 0 , δd̄ < 0 with |δd̄| > δū , (2.12)

i.e. δū − δd̄ > 0 and δū + δd̄ < 0. Our predicted flavor asymmetry x(δū − δd̄)(x, μ^2) compares favourably with predictions of the relativistic field theoretic chiral quark– soliton model (CQSM) [36, 37, 38], as shown in fig. 7 of [3], which is also operative for unpolarized pdfs, with the only free parameter residing in the average instanton size ρ̄, chosen to be Q_0 = μ ∼ ρ̄^{−1} ∼ 0.6 GeV. (Unfortunately, so far it has not been possible to derive the important 1/N_c “suppressed” polarized and unpolarized gluon distributions.) Similar results have been obtained by a recent analysis based on the statistical parton model [39]. Notice that δū−δd̄ > d̄−ū, with the polarized sea asymmetry being roughly twice as large as the unpolarized d̄ − ū one ! This is in contrast to conventional ρ–meson cloud models [40, 41] where typically 0 < (δd̄ − δū)_{ρ−cloud} ≪ −(δd̄ − δū)_{CQSM}. Finally it should be mentioned that the data select the solution of (2.10) which satisfies δqδq̄ > 0 for q = u, d. Even this inequality, which fixes the sign of each individual polarized light (anti)quark distribution, can be understood as a consequence of Pauli–blocking and the expected predominant pseudoscalar configuration of the quark–antiquark pairs in the nucleon sea [34, 3].

The corresponding total polarizations are at NLO and Q^2 = 5 GeV^2 [3]

ΔΣ(5) = 0.273 , Δū(5) + Δd̄(5) = −0.15 , Δs = Δs̄ ≃ 0 (2.13)

where Δū(5) = 0.085 and Δd̄(5) = −0.235, to be compared with (2.5), and similar results hold in LO. Furthermore Δg(5) = 0.974, corresponding to an input Δg(μ^2_{NLO}) = 0.33, which is somewhat larger than in the unbroken ‘standard’ scenario. However, δg(x, Q^2) is again weakly constrained and allowing for δχ^2 = ±1 results again in a similar band for Δg(5) as in (2.6). Contrary to (2.7), our ‘optimal’ fit (2.11) gives now rise to^1_2 ΔΣ(μ^2_{NLO}) + Δg(μ^2_{NLO}) = 0.48, implying a practially vanishing orbital component L_{q+g}(μ^2) ≃ 0 according to (2.8). At larger scales Q^2 > μ^2, however, hard radiative effects will give rise to sizeable orbital components due to the increasing k_T of the partons, which eventually have to compensate in (2.8) the strongly increasing gluon polarization Δg(Q^2) ∼ α^{−1}_s (Q^2). Unfortunately, it is still an unsolved problem how to relate L_{q+g}(Q^2) to realistic experimental observables. Therefore, the spin sum rule (2.8) constitutes a somewhat empty statement.

3. Further (future) direct measurements of δū and δd̄

As already mentioned, polarized semi–inclusive DIS (SIDIS) processes [42], ⃗e ⃗p (⃗d) → e h^±X, may play an important role for observing differences between δū and δd̄. It has been recently emphasized [19] that a simultaneous analysis of polarized DIS and SIDIS asymmetry data will – and to some extent can already – delineate the flavor structure of the polarized light sea. In particular the more recent high precision SIDIS HERA–HERMES data [29] on h^± production (h = π, K dominantly) off a proton target, ⃗e ⃗p → e h^±X, seem to play a decisive role in favoring a flavor SU(3)_f broken sea, despite the fact that these asymmetry data on A^{h±}_{1p} refer to rather small scales Q^{2 >}∼ 1 GeV^2. The reason for this discriminative power is due to the fact that

2g^{π±}_{1p} ∼ 4 9 (δu + δū) D^{π±}_u + 1 9 (δd + δd̄) D^{π±}_d ± 1 9 (δd̄ − 4δū) D^{π+}_u + small ‘unfavored^′ contbs. (3.1)

with the ‘favored’ fragmentation functions D^{π+}_u = D^{π−}_ū = D^{π−}_d = D^{π+}_{d̄} and the ‘unfavored’ ones D^{π−}_u = D^{π+}_ū = D^{π+}_d = D^{π+}_{d̄} etc. Apart from the two dominant valence contributions in (3.1) which are almost completely fixed by the inclusive DIS data alone and which are insensitive to a δū − δd̄ splitting, the interesting third term in (3.1), multiplied by a ‘favored’ fragmentation function as well, is significantly more sensitive to δū than δd̄. This latter unconstrained component of both asymmetries is proportional to the same factor (δd̄ − 4δū) but with opposite signs. On account of present SIDIS data, a clear preference for a positive δū has been observed [19] which is very similar to our NLO δū in the broken ‘valence’ scenario using (2.10) (cf. fig. 6(b) of [3] and fig. 6 of [19]). Present SIDIS cannot yet constrain δd̄, since δs̄ has been kept finite for the input fit with δs̄ < 0 [19]. Therefore it has been concluded [19] that flavor SU(3)_f of the sea seems to be clearly broken and a flavor symmetric ‘standard’ light sea scenario appears to be strongly disfavored.

We have also calculated [3] at NLO the spin asymmetries for SIDIS using our results for the polarized pdfs of the ‘standard’ and ‘valence’ scenario with their flavor–symmetric and flavor–broken light sea densities, respectively, without changing any parameters obtained from our inclusive DIS analysis and employing the fragmentation functions suggested in [43]. Although the high precision HERMES SIDIS data [29] seem to favor slightly the broken ‘valence’ scenario, the results of the ‘standard’ scenario cannot yet be ruled out since they give rise to a comparable χ^2/ (9 data pts.) of 7.6 and 8.5, respectively (see fig. 10 of [3]). Perhaps the new (1998 – 2000) very high statistics ⃗D–data of HERMES, which are being analyzed at present, will be more decisive.

Nevertheless, we need further direct measurements of δū(x, Q^2) and δd̄(x, Q^2), and possibly of δs and δs̄, for delineating the flavor structure of the polarized sea distributions. The LO Drell–Yan (γ^∗) dilepton production process for future longitudinally polarized ⃗p ⃗p and ⃗p ⃗d collision experiments has been suggested [44, 45] for testing δū ≠ δd̄ expectations. Here, for example,

A^{DY}_{⃗p−⃗n} ≡

Δσ^{DY}_{⃗p ⃗p} − Δσ^{DY}_{⃗p ⃗n} σ^{DY}_{⃗p ⃗p} + σ^{DY}_{pn} LO ≃_{xF →1}

(4δu_1 − δd_1) (δū_2 − δd̄_2) (4u_1 + d_1) (ū_2 + d̄_2)

(3.2)

in an obvious notation where for x_F → 1, i.e. x_1 → 1 and x_2 → 0, the small δq̄_1 terms can be neglected, or

R_{p+n} ≡ 1 2 ( 1 + Δσ^{DY}_{⃗p ⃗n} /Δσ^{DY}_{⃗p ⃗p}

)_{LO}

≃_{xF →1} 1 2 (1 + δd̄_2/δū_2) . (3.3)

(These observables are obvious generalizations of the well known unpolarized Drell– Yan μ^+μ^− production [46] pp and pn experiments [47] which were instrumental in establishing d̄ > ū). The NLO(MS) expressions [48] for such asymmetries have been recently analyzed in detail [49] for the unbroken and broken light sea scenarios. Similarly, the production of weak vector bosons (W^±, Z^0) via singly and doubly longitudinally polarized (as well as unpolarized) pp(n) collisions, pp(n) → W^±X → μ^{±(−)}ν_μX and pp(n) → Z^0X → μ^+μ^−X, can provide us with direct measurements of the individual δū(x, Q^2) and δd̄(x, Q^2) distributions [50, 45], although at far larger scales Q^2 ∼ M^2_W ±_{, Z}0 . These production processes afford of course higher c.m. energies available at RHIC ( √ s_{max} = 500 GeV) [51]. For example, typical single and double spin asymmetries are

A^{W ±}_{⃗p (→)p} ≡ Δσ^{W ±}_{⃗p (→)p} /σ^{W ±}_{pp} which, in specific kinematic regions, behave in LO like

A^{W +}_{⃗p p}^{LO}≃ δd̄_1/d̄_1 , A^{W −}_{⃗p p}^{LO}≃ δū_1/ū_1 for y^<∼ − 0.5 (3.4)

A^{W +}_{⃗p ⃗p}^{LO}≃ − (δu_1/u_1)(δd̄_2/d̄_2), A^{W −}_{⃗p ⃗p}^{LO}≃ −(δd_1/d_1)(δū_2/ū_2) for y^>∼ + 0.5 or Δσ_W +

⃗p^{(→)}d

/Δσ^{W −}_{⃗p (→)d}^{LO}≃ δd̄_1/δū_1 for y^<∼ − 0.5 . (3.5)

There is a plethora of charged and neutral current spin asymmetries, and their NLO(MS) expressions [52] have been analyzed in great detail as well [49] for the unbroken ‘standard’ and broken ‘valence’ scenarios, which will be tested by RHIC experiments [51].

4. Summary

All present longitudinal polarization data can be equally well described [3] by either the ‘standard’ scenario, characterized by (1.15), (1.16) and referring to the common simplified (but probably unrealistic) assumption of an SU(3)_f flavor–symmetric polarized light sea (δū = δd̄ = δs̄) with Δs̄ ≃ −0.06, or by a ‘valence’ scenario, characterized by (1.22), (1.23) and employing (a probably more realistic) totally broken polarized light sea (δū ≠ δd̄ ≠ δs̄) with Δū + Δd̄ ≃ −0.15. Since inclusive polarized DIS data cannot fix the flavor–broken sea densities, we have modelled the broken sea δū ≠ δd̄ using a Pauli–blocking ansatz in (2.10), because similar blocking effects can also explain the flavor–asymmetry of the unpolarized sea (d̄ > ū) and are furthermore in agreement with predictions of the relativistic field theoretical chiral quark–soliton model [36, 37, 38] and of the statistical parton model [39] (typically, δū > 0, δd̄ < 0 with |δd̄| > δū). These results are also supported by a combined analysis [19] of polarized DIS and semi–inclusive DIS data.

Apart from the polarized (anti)quark distributions and their total helicities, the longitudinally polarized gluon distribution δg(x, Q^2) is still weakly constrained by present data in both scenarios. In particular, a vanishing gluon input δg(x, Q^2_0) = 0 is equally compatible with all present measurements; only a fully saturated (via the positivity constraint) gluon input δg(x, Q^2_0) = ±g(x, Q^2_0) appears to be disfavored. The resulting total gluon helicity is again weakly constrained by −0.8^<∼ Δg(5)^<∼ 1.7 at Q^2 = 5 GeV^2.

Further dedicated experiments are needed for determining or better constraining δg(x, Q^2) via ⃗e ⃗p → e cc̄ X at CERN (COMPASS) and SLAC, and ⃗p ⃗p → cc̄, bb̄X and ⃗p ⃗p → γX at RHIC; in particular for delineating the flavor structure of the polarized light sea (δū, δd̄, δs̄) via ⃗e ⃗p → e h^±X at DESY (HERMES) and via polarized Drell–Yan production processes ⃗p ⃗p (⃗d) → μ^+μ^−, W^±X at RHIC.

Finally I would like to remind you of the chiral–odd ‘transversity’ pdfs δ_T^{(−)}q (x, Q^2) which are related to the quark tensor current [1, 53, 54]. They are leading twist–2

Polarized structure functions 12

densities and complete the twist-2 sector of the nucleon’s pdfs, and are as interesting in principal as the familiar f(x, Q^2) and δf(x, Q^2) with f = q, q̄, g. We face the curious situation of having reached a remarkably advanced theoretical sophistication, without having any experimental measurement whatsoever. Despite the difficulties [1, 54, 55] to extract such densities from transverse polarization asymmetries experimentally, only a measurement of the ‘transversity’ pdfs will complete our knowledge of the leading twist–2 sector of the nucleon’s parton distributions (f, δf, δ_T^{(−)}q ).

This work has been supported in part by the ‘Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie’, Berlin/Bonn.

References

[1] For a recent review see, for example, B. Lampe and E. Reya, Phys Rep. 332 (2000) 1. [2] M. Glück, E. Reya, M. Stratmann, and W. Vogelsang, Phys. Rev. D53 (1996) 4775. [3] M. Glück, E. Reya, M. Stratmann, and W. Vogelsang, Phys. Rev. D63 (2001) 094005. [4] A compilation of references of all relevant polarized DIS experiments and data can be found, for example, in Ref. [3].

[5] E. Leader, A.V. Sidorov, and D.B. Stamenov, hep–ph/0106214 v2.

[6] E. Leader, A.V. Sidorov, and D.B. Stamenov, Int. J. Mod. Phys. A13 (1998) 5573; Phys. Rev.

D58 (1998) 114028; Phys. Lett. B445 (1998) 232; B462 (1999) 189; B488 (2000) 283. [7] D.K. Ghosh, S. Gupta, and D. Indumathi, Phys. Rev. D62 (2000) 094012. [8] M. Glück, E. Reya, and A. Vogt, Eur. Phys. J. C5 (1998) 461. [9] R.D. Ball, S. Forte, and G. Ridolfi, Phys. Lett. B378 (1996) 255;

G. Altarelli, R.D. Ball, S. Forte, and G. Ridolfi, Nucl. Phys. B496 (1997) 337; Acta Phys. Pol. B29 (1998) 1145.

[10] K. Abe et al., SLAC–E154 Collab., Phys. Lett. B405 (1997) 180. [11] B. Adeva et al., CERN–SM Collab., Phys. Rev. D58 (1998) 112002. [12] D. de Florian, O.A. Sampayo, and R. Sassot, Phys. Rev. D57 (1998) 5803. [13] L.E. Gordon, M. Goshtasbpour, and G.P. Ramsey, Phys. Rev. D58 (1998) 094017. [14] S. Incerti and F. Sabatie, SLAC–E154/155 Collab., CEA–Saclay PCCF-RT 9901 (1999). [15] Y. Goto et al., Asymmetry Analysis Collab., Phys. Rev. D62 (2000) 034017. [16] H. Böttcher and J. Blümlein, Proceedings of the Workshop on Transverse Spin Physics (DESY, Zeuthen, July 2001).

[17] T. Gehrmann and W.J. Stirling, Phys. Rev. D53 (1996) 6100.

[18] S. Tatur, J. Bartelski, and M. Kurzela, Acta Phys. Pol. B31 (2000) 647; J. Bartelski and S.

Tatur, ibid. 32 (2001) 2101; hep–ph/0107202.

[19] D. de Florian and R. Sassot, Phys. Rev. D62 (2000) 094025. [20] M. Glück, E. Reya, and W. Vogelsang, Nucl. Phys. B351 (1991) 579. [21] W. Furmanski and R. Petronzio, Z. Phys. C11 (1982) 293;

M. Glück and E. Reya, Phys. Rev. D25 (1982) 1211.

[22] H.Y. Cheng, Int. J. Mod. Phys. A11 (1996) 5109; Phys. Lett. B427 (1998) 371. [23] D. Müller and O.V. Teryaev, Phys. Rev. D56 (1997) 2607. [24] G. Altarelli and G.G. Ross, Phys. Lett. B212 (1988) 391;

R.D. Carlitz, J.C. Collins, and A.H. Mueller, Phys. Lett. B214 (1988) 229; R.D. Ball, S. Forte, and G. Ridolfi, Phys. Lett. B378 (1996) 255; S.L. Adler and W.A. Bardeen, Phys. Rev. 182 (1969) 1517.

Polarized structure functions 13

[25] Particle Data Group, C. Caso et al., Eur. Phys. J. C3 (1998) 1;

M. Karliner and H.J. Lipkin, Phys. Lett. B461 (1999) 280. [26] J. Ellis and R.L. Jaffe, Phys. Rev. D9 (1974) 1444; 10 (1974) 1669 (E);

M. Gourdin, Nucl. Phys. B38 (1972) 418.

[27] H.J. Lipkin, Phys. Lett. B256 (1991) 284; 337 (1994) 157;

J. Lichtenstadt and H.J. Lipkin, ibid. 353 (1995) 119. [28] B. Adeva et al., SMC, Phys. Lett. B420 (1998) 180. [29] K. Ackerstaff et al., HERMES Collab., Phys. Lett. B464 (1999) 123.

[30] S.J. Brodsky and I. Schmidt, Phys. Lett. B234 (1990) 144; S.J. Brodsky, M. Burkardt, and I.

Schmidt, Nucl. Phys. B441 (1995) 197;

F.E. Close and D. Sivers, Phys. Rev. Lett. 39 (1977) 1116.

[31] A.D. Martin, R.G. Roberts, W.J. Stirling, and R.S. Thorne, Eur. Phys. J. C4 (1998) 463; ibid.

C14 (2000) 133.

[32] P.L. Anthony et al., SLAC–E155 Collab., Phys. Lett. B493 (2000) 19. [33] R.D. Field and R.P. Feynman, Phys. Rev. D15 (1977) 2590. [34] M. Glück and E. Reya, Mod. Phys. Lett. A15 (2000) 883. [35] H.L. Lai et al., CTEQ Collab., Eur. Phys. J. C12 (2000) 375. [36] D. Diakonov et al., Nucl Phys. B480 (1996) 341; Phys. Rev. D56 (1997) 4069;

B. Dressler at al., Eur. Phys. J. C14 (2000) 147;

K. Goeke et al., Univ. Bochum RUB–TPII–18/99 (hep–ph/0001272). [37] M. Wakamatsu and T. Kubota, Phys. Rev. D60 (1999) 034020; hep–ph/9908425. [38] L. Gamberg, H. Reinhardt, and H. Weigel, Mod. Phys. Lett. A11 (1996) 3021; Phys. Lett. B399 (1997) 287; Phys. Rev. D55 (1997) 6910.

[39] R.S. Bhalerao, Phys. Lett. B380 (1996) 1; 387 (1996) 881(E); Nucl. Phys. A680 (2000) 62c;

hep–ph/0003075;

R.S. Bhalerao, N.G. Kelkar, and B. Ram, Phys. Lett. B476 (2000) 285. [40] R.J. Fries and A. Schäfer, Phys. Lett. B443 (1998) 40. [41] F.–G. Cao and A.I. Signal, hep–ph/0103113.

[42] T. Morii and T. Yamanishi, Phys. Rev. D61 (2000) 057501; B. Dressler et al., ref. [36]. [43] S. Kretzer, Phys. Rev. D62 (2000) 054001. [44] S. Kumano and M. Miyama, Phys. Lett. B479 (2000) 149. [45] B. Dressler et al., Eur. Phys. J. C18 (2001) 719. [46] S.D. Ellis and W.J. Stirling, Phys. Lett. B256 (1991) 258. [47] A. Baldit et al., NA51 Collab., Phys. Lett. B332 (1994) 244;

E.A. Hawker et al., E866 Collab., Phys. Rev. Lett. 80 (1998) 3715; J.C. Peng et al., E866 Collab., Phys. Rev. D58 (1998) 092004.

[48] T. Gehrmann, Nucl. Phys. B498 (1997) 245;

P.J. Rijken and W.L. van Neerven, Phys. Rev. D51 (1995) 44. [49] M. Glück, A. Hartl, and E. Reya, Eur. Phys. J. C19 (2001) 77.

[50] C. Bourrely and J. Soffer, Phys. Lett. B314 (1993) 132; Nucl. Phys. B423 (1994) 329;

J. Soffer and J.M. Virey, Nucl. Phys. B509 (1988) 297.

[51] G. Bunce, N. Saito, J. Soffer, and W. Vogelsang, Ann. Rev. Nucl. Part. Sci. 50 (2000) 525. [52] T. Gehrmann, Nucl. Phys. B534 (1998) 21. [53] J.P. Ralston and D.E. Soper, Nucl. Phys. B152 (1979) 109;

J.L. Cortes, B. Pire, and J.P. Ralston, Z. Phys. C55 (1992) 409.

[54] R.L. Jaffe and X. Ji, Phys. Rev. Lett. 67 (1991) 552; Nucl. Phys. B375 (1992) 527. [55] X. Ji, Phys. Lett. B284 (1992) 137;

V. Barone, T. Calarco, and A. Drago, Phys. Rev. D56 (1997) 527; O. Martin, A. Schäfer, M. Stratmann, and W. Vogelsang, Phys. Rev. D57 (1998) 3084.