SLAC–PUB–6638 August 1994 (T/E)

EXPERIMENT AL RESUL TS ON POLARIZED

STR UCTURE FUNCTIONS IN DEEP INELASTIC

LEPTON-NUCLEON SCA TTERING^∗

LINDA STUART^†

Stanfor d Linear Accelerator Center

Stanfor d University, Stanfor d, California 94309

Abstract

A summary is given of experimental results on spin structure functions of the proton g^p_1(x, Q^2), deuteron g^d_1(x, Q^2), and neutron g^n_1 (x, Q^2) as measured in deep inelastic scattering of polarized leptons from a polarized target. All results are consistent with the Bjorken sum rule predictions at the Q^2 of each experiment. The data do not support the Ellis-Jaffe sum rule prediction for the proton which implies that the helicity carried by the strange quark may be nonzero and that the net quark helicity is smaller than expected from simple quark models.

Presented at the Tennessee International Symposium on Radiative Corrections

Gatlinbur g, Tennessee, June 27–July 1, 1994

∗Work supported by Departmen t of Energy contract DE–AC03–76SF00515. †Represen ting the E142 and E143 Collaborations.

1. Intro duction

Measurements of the spin-dependent structure functions g_1(x, Q^2) for the proton, deuteron, and neutron are valuable tools used to understand the complex nature of nucleon spin structure. The structure functions are used for testing sum rules and in the quark model can be used to determine the fraction of the nucleon helicity carried by constituen t quarks.

The spin-dependent structure functions g_1(x, Q^2) and g_2(x, Q^2) are extracted from measured deep inelastic cross-section asymmetries. The longitudinal and transv erse asymmetries are defined as

A_‖ = σ^{↓↑} − σ^{↑↑} σ^{↓↑} + σ^{↑↑} = f [ g_1(x, Q^2)[E + E^′cos(θ)] −

Q^2 ν g_2(x, Q^2) ]

A_⊥ = σ^{↓←} − σ^{↑←} σ^{↓←} + σ^{↑←}

= f E^′sin(θ) [ g_1(x, Q^2) + 2E ν g_2(x, Q^2) ] , (1)

where σ^{↑↑} (σ^{↓↑} ) corresponds to the measured inclusive cross section for parallel (antiparallel) beam and target longitudinal polarizations; σ^{↑←} (σ^{↓←} ) is similar, except the target polarization is transv erse; E and E^′ are the incident and scattered lepton energies, θ is the scattering angle, Q^2 is the four-momentum transfer squared, ν = E − E^′, x = Q^2/2Mν, and M is the mass of the nucleon. The factor f is defined by the unpolarized structure functions, F_2(x, Q^2) and F_1(x, Q^2) = F_2(x, Q^2)(1 + γ^2)/(2x(1 + R(x, Q^2))) f = 1 F_1(x, Q^2) 1 ν 1 − ϵ 1 + ϵR(x, Q^2)

, (2)

where R(x, Q^2) = σ_L/σ_T is the ratio of longitudinal and transv erse virtual photoabsorption cross-sections, ϵ= 1/[1+ 2(1 + ν^2/Q^2) tan^2(θ/2)] is the longitudinal virtual photon polarization, and γ^2 = Q^2/ν^2. Also of interest are the virtual photon absorption asymmetries

A_1 = σ_{1/2} − σ_{3/2} σ_{1/2} + σ_{3/2}

= (g_1(x, Q^2) − γ^2g_2(x, Q^2))/F_1(x, Q^2)

A_2 =

2σ_{TL} σ_{1/2} + σ_{3/2}

= γ(g_1(x, Q^2) + g_2(x, Q^2))/F_1(x, Q^2) , (3)

where σ_{1/2} and σ_{3/2} are the helicity conserving and nonconserving virtual photonnucleon absorption cross sections, and σ_{TL} is an interference term between the transv erse and longitudinal photon-n ucleon amplitudes. Equations (1) to (3) can be combined to give

g_1(x, Q^2) = 1 f (E + E^′)

[A_‖ + tan(θ/2)A_⊥ ] =

F_1 1 + γ^2

(A_1 + γA_2) . (4)

In the limit that θ is small and γ is small, Eq. (4) reduces to the often-used expressions

g_1(x, Q^2) F_1(x, Q^2) ≃ A_‖ f F_1(x, Q^2)(E + E^′) ≃ A_‖ D ≃ A_1 , (5)

where D = (1 − E^′ϵ/E)/(1 + ϵR(x, Q^2) is the virtual photon depolarization factor.

1.1. Sum Rules

A sum rule originally developed by Bjorken [1] relates the integral over the difference between the proton and neutron spin structure functions to the nucleon beta decay weak coupling constants. It is believed to be strictly valid at infinite Q^2:

∫_1 0 (g^p_1(x) − g^n_1 (x)) dx = 1 6 g_A g_V for Q^2 = ∞ , (6)

where g_A and g_V are the nucleon axial-vector and vector coupling constants and g_A/g_V = 1.2573 ± 0.0038 [2]. The advent of QCD corrections has brought this sum rule into the regime where it, and thus the QCD corrections, can be experimentally tested. These nonsinglet corrections to order three for three quark flavors are [3]

C_{N S} = 1 − α_s(Q^2) π − 3.58 ( α_s(Q^2) π )_2

− 20.22 ( α_s(Q^2) π )_3

, (7)

where α_s(Q^2) is the strong coupling constant.

Other sum rules of interest, although less rigorous, are the Ellis-Jaffe sum rules [4] which were derived using SU(3) symmetry and assuming the strange sea in the nucleons is unpolarized. Including second order QCD singlet corrections [5],C_S , they are expressed:

Γ^p_1(Q^2) =

∫_1 0 g^p_1(x, Q^2) dx = 1 18 [C_{N S} (3F + D) + 2C_S (3F − D)]

Γ^n_1 (Q^2) =

∫_1 0 g^n_1 (x, Q^2) dx = 1 9 [− DC_{N S} + C_S (3F − D)] , (8)

where F and D are weak hyperon decay constants and can be extracted from the data [6]F/D = 0.575± 0.016 and F + D = g_A/g_V.

1.2. Quark Model Interpr etation

In the quark model, the spin-dependent structure function g_1(x) is interpreted as the charge-weighted difference between momentum distributions for quarks with helicities aligned parallel (↑) and antiparallel (↓) to that of the nucleon:

g_1(x) = 1 2 ∑ i e^2_i [q^↑_i (x) − q^↓_i (x)] ≡ ∑ i e^2_i Δ q_i(x), (9) where e_i is the charge of quark species i, and q^{↑(↓)}_i (x) are the quark plus antiquark momentum distributions. The quantity

∫_1

0 Δ q_i(x)dx = Δ i refers to the helicity of quark species i = u, d,s in the proton, and Δ q = Δ u + Δ d + Δ s is the net helicity of quarks. Using measuremen ts of

∫_1

0 g_1(x)dx, g_A/g_V, and F/D, as well as the QCD corrections to the sum rules, the quantities Δ_i can be separately extracted.

2. Early SLA C and EMC Exp erimen ts

The earliest spin structure experiments, E80 [7],E130 [8],and EMC [9]measured A_‖ for the proton only. In order to extract information on the structure function g^p_1(x, Q^2), it was necessary to make assumptions as indicated in Eq. (5). The SLAC [7,8]data are statistics limited and only cover an x range greater than 0.1. It was not until EMC [9] measured g^p_1(x, Q^2) with higher precision down to an x of 0.015 that the so-called “spin crisis” was born. These results indicated that the proton Ellis-Jaffe sum rule was violated. The EMC reported a measured value of Γ_p = 0.126 ± 0.018 at Q^2 = 10.7 (GeV/c)^2, while the sum rule predicted Γ_p = 0.175 ± 0.007 at the same Q^2. In addition, the extracted quark helicities were Δ q = 0.12 ± 0.17 and Δ s = − 0.19± 0.06. The total quark helicity was small and consistent with zero, while the strange quark helicity was negative and inconsistent with zero. This unexpected result has generated a lot of interest in the physics community. Many theoretical papers have surfaced to explain the data, better QCD corrections have been calculated which bring the predictions closer to experimental results, and extensive experimental programs at SLAC, CERN, and HERA were begun to learn more about the proton spin structure, and to make the first measuremen ts of the neutron spin structure. Although it is generally believed that there is no “crisis” today, the impact on both theoretical and experimental spin structure physics has been great, and has thus served to further our understanding of nuclear structure.

3. The next generation: SMC, E142, and E143

New data have recently become available from the SMC [10,11] experiment at CERN, and the E142 [12] and E143 [13] experiments at SLAC. These data include the first measuremen ts on deuterons and^3He, as well as significantly more precise proton data.

3.1. SMC

The first stage of the SMC experiment measured spin structure functions for deuterium [10]. The average energy of the incident muon beam was 100 GeV, polarized to 80%. The target was composed of deuterated butanol beads polarized using Dynamic Nuclear Polarization (DNP) to an average polarization of around 40%.

Target polarization reversal occurred about every eight hours. The kinematics covered were 0.006 < x < 0.60 and ⟨Q^2⟩ = 4.7 (GeV/c)^2, and only A_‖ was measured.

The second stage of this experiment measured proton spin structure functions [11]. The average energy of the muon beam was increased to 190 GeV. The target material was butanol with an average polarization of 86%, and polarization reversals occurred every five hours. The kinematics covered were 0.003 < x < 0.70 and ⟨Q^2⟩ = 10 (GeV/c)^2, and both A_‖ and A_⊥ [14]were measured.

The SMC data and the SLAC data are complimentary. The kinematic range covered by SMC is very good, but the statistics are limited. The SLAC experiments are limited in their kinematic coverage, but have very small statistics.

3.2. E142

E142 [12]measured neutron spin structure functions using an electron beam incident on a^3He gas target. The energy ofthe incident beam ranged from 19.4–25.5 GeV, and had an average polarization of 39%. The beam helicity was randomly selected on a pulse-to-pulse basis. Polarization of the target occurred via spin-exchange with optically pumped rubidium vapor with the average polarization around 35%. The kinematics covered were 0.03 < x < 0.6 and ⟨Q^2⟩ = 2 (GeV/c)^2, and both A_‖ and A_⊥ were measured.

3.3. E143

E143 [13] measured spin structure functions for the proton and deuteron with electron beam energies of 9.7, 16.2, and 29.1 GeV. Only the proton data at E=29.1 GeV are currently available. The average beam polarization was increased from that ofE142 to 84%for this experiment. The targets used were^{15}NH_3 and^{15}ND_3, polarized via DNP to average polarizations of around 65% and 25%, respectively. The kinematics covered were 0.029 < x < 0.8 and ⟨Q^2⟩ = 3 (GeV/c)^2, and both A_‖ and A_⊥ were measured.

3.4. Neutron/Deuter on Data Summary

The asymmetry and extracted xg_1 results for the SMC and E142 experiments are shown in Fig. 1. A world fit to all available proton spin structure function data was used to extract neutron asymmetries from the measured SMC deuterium results. These agree well with the E142 measured asymmetries. Table 1 shows a summary of the deuteron and neutron sum rule measuremen ts and predictions. Consecutively, the rows in Table 1 show the average Q^2 of the measuremen ts/calculations; the target type (d for deuterium and n for neutron); the strong coupling constant α_s(Q^2) at the Q^2 indicated; the Ellis-Jaffe sum rule prediction for the given target type