1SLAC—PUB—95—6457Measurements of the Neutron PolarizedStructure Function at SLAC*CHARLES C. YOUNGStanford Linear Accelerator CenterStanford University, Stanford, CA 94309representing the E-142 Collaboration+ABSTRACTDetailed measurements of unpolarized or spin-averaged nucleon structure functionsover the past two decades have led to detailed knowledge of the nucleon’s internalmomentum distribution. Polarized nucleon structure function measurements, whichprobe the nucleon’s internal spin distribution, started at SLAC in 1976. E-142 hasrecently measured the neutron polarized structure function

g1n(x)

over the range0.03 < x < 0.6 at an average Q2 of 2 GeV2 andfound theintegral

I g x dx n n = ( ) = − ± ∫ 10_1 0 022 0 011 . .

. E-143, which took data recently, has measuredgp1 and

gd1

. Two more experiments (E-154 and E-155) will extend thesemeasurements to lower x and higher Q2.

* Work supported by Department of Energy contract DE—AC03—76SF00515.+ P.L. Anthony, R.G. Arnold, H.R. Band, H. Borel, P.E. Bosted, V. Breton, G.D. Cates, T.E. Chupp, F.S.Dietrich, J. Dunne, R. Erbacher, J. Fellbaum, H. Fonvieille, R. Gearhart, R. Holmes, E.W. Hughes,J.R. Johnson, D. Kawall, C. Keppel, S.E. Kuhn, R.M. Lombard-Nelsen, J. Marroncle, T. Maruyama,W. Meyer, Z.-E. Meziani, H. Middleton, J. Morgenstern, N.R. Newbury, G.G. Petratos, R. Pitthan, R.Prepost, Y. Roblin, S.E. Rock, S.H. Rokni, G. Shapiro, T. Smith, P.A. Souder, M. Spengos, F.Staley, L.M. Stuart, Z.M. Szalata, Y. Terrien, A.K.Thompson, J.L. White, M. Woods, J. Xu, C.C.Young, G. ZapalacPresented at the International Workshop on Deep Inelastic Scatteringand Related Subjects, Eilat, Isreal, February 6—11, 1994

21. Theoretical Background1.1 Polarized Structure Functions g1(x) and g2(x)The differential cross section for scattering a polarized electron from a polarized nucleon ischaracterized by the formula:

ddQ d ddQ d Q E M E E G Q Q G Q 2 2 2 2 2 2 2 1 2 2 2 2 4 σ ν σ ν πα θ ν ν ↑↓ ↑↑ − = + − [ ] ( ©cos ) ( , ) ( , )

where

↑ ↓

(

↑ ↑

) indicates longitudinal target spin antiparallel (parallel) to the incidentelectron spin. The incident electron beam energy is E, E’ is the scattered electron energy,and q is the electron scattering angle. The mass of the nucleon is M,

ν = (E − E')

is theenergy loss of the electron, -Q2isthesquareof thefour momentum of thevirtualphoton,anda is the fine structure constant. In the scaling limit, the functions G1(Q2,n) andG2(Q2,n)canbewrittenintermsofthepolarizedstructurefunctionsg1(x)andg2(x):

g1(x) = M2νG1(Q2,ν)

,

g2(x) = Mν2G2(Q2,ν)

,where

x Q M = ( ) 2 2 ν

is the scaling variable. It can be shown that g1isgivenby

g x F x Qx R A x Q A x Q

1 2 2 1 2 2 2 2 1 ( ) ( , )

( ) ( , ) ( , ) = + + [ ] γ

,where F2istheunpolarizedstructurefunction,A1isthecross-section asymmetry for fullypolarizedvirtualphoton on logitudinallypolarizednucleons,a is a kinematic factor givenby a2 = (4M2X2)/Q2, A 2 is asimilar cross sectionasymmetry for transverselypolarizednucleon,andRistheratiooflongitudinallytotransverselypolarizedphoton cross-sections

σ L σ T ( )

.Virtual photon asymmetries A1 andA 2 arerelatedtothecorresponding crosssection asymmetry for electrons

A||(x,Q2 )

and

A⊥ (x,Q2 )

by

A|| = D(A1 + ηA2 )

,

A⊥ = d(A2 − ζA1)

,where ||(

⊥

) refers to target nucleon spin aligned along (transverse to) the electron beamspin direction. The kinematic factor relating electron polarization to that of the virtualphoton is given by

D EER = − + 11ε ε ©

Note that

ε ν θ − = + + 1 22 2

1 2 1 2

Q tan η ε ε = ( ) −( ) Q E E 2 ©

,

d D= ( ) +( ) 2 1 ε ε

, and

ζ η ε ε = +( ) 1

. Thus, measurements of A|| and

A⊥

give A1 andA 2, andhencewillallowadeterminationof g 1. Thekinematicfactorsensure thatg1 is insensitivetomeasurementerrors on

. Since z is small,

A⊥

depends primarily on A2, which is limitedby unitarity

3considerations to

A2 ≤ R

. Since R is known to be small, and g can also be shown to besmall for the kinematics of this experiment, the second term in g1isrelativelyunimportant.The behavior of g1 near x=0 and x=1 is known. As

x→ 1

, g1 must go tozeroas

F2 → 0

since the other factors are finite. Regge theory is reliable at low x and predicts that

g x x

1( ) ∝ α

as

x→ 0

.The equation for g1(x)canbeeasilyunderstood withinthequark partonmodel (QPM). Itisinterpretedasthedifferencedistributionbetweenquarks whose spin is parallelandanti-paralleltothenucleon’sspin.

g1(x) = 12 ei2∑ (qi↑ (x)− qi↓ (x))

Similarly, the unpolarized structure function F1isinterpretedasthesum.

F1(x) = 12 ei2∑ (qi↑ (x)+ qi↓ (x))

The arrow

↑ ↓( )

indicates quark spin parallel(antiparallel) to nucleon spin. It can be seenthat the ratio of these two equations together with the well known relationship between F1and F2yieldstheleadingterming1above.1.2 Sum RulesWhile there are no rigorous predictions of the detailed functional forms of gp1(x) and gn1(x),Bjorken derived a fundamental sum rule on their integrals.1 Denoting by Ip theintegral

g x dx p1 01 ( )∫

for a proton and Intheintegral

n1

for a neutron, The Bjorken sum rule isgiven by:

I I g O Q

p n AV s − = +[ ] 16 1 2( ( )) α

,where gA andgV aretheaxialandvectorcouplingconstantsmeasured veryaccuratelyinnucleon b decays. QCD corrections are given to first order by

− ( ) α πS

.2 Violations of theBjorken sum rule would seriously undermine the validity of QCD.Independent sum rules for Ip and In have been derived by Ellis and Jaffe:3

I F D O Q p s = −( ) + ( ) ( ) [ ] 118 9 1 2α n s = −( ) + ( )( ) [ ] 118 6 4 1 2α

where F and D are coupling constants measured in hyperon decay.4 The derivation reliesupon SU(3) flavor symmetry and the assumption of an unpolarized strange sea. Thus,violations of the Ellis-Jaffe sum rules need not pose a fundamental problem for QCD.

1 J.D. Bjorken, Phys. Rev. 148 (1966) 1467, Phys. Rev. D1 (1970) 1376.2Higher order corrections have also been calculated. See S.A. Larin and J.A.M. Vermascren, Phys.Lett. B259 (1991) 345.3 J. Ellis and R.L. Jaffe, Phys. Rev D9 (1974) 1444. See S.A. Larin, Phys. Lett. B334 (1994) 192, andA. L. Kataev, Report No. CERN-TH- 7427/94 for QCD corrections.

41.3 Quark Spin ContributionThe total quark contribution to nucleon spin, Dq, is the sum of the individual quark flavorcontributions Du, Dd, and Ds.

Δu u x u x dx = − [ ] ↑ ↓ ∫ ( ) ( ) , 01

where

↑ ↓( )

indicates quark spin parallel (antiparallel) to nucleon spin. In QPM, thesequantities are related to experimental measurements of hyperon decay constants, beta decaymeasurements,5 and polarized structure functions:

D F s d − = − ≈ ± Δ Δ 0 339 0 001

. . , g u d AV = − ≈ ± Δ Δ 1 257 0 003

. . ,

I u d s p = + + 12 49 19 19 Δ Δ Δ , n = + + 12 19 49 19 Δ Δ Δ .

By combining the first two equations with a measurement of either Ip or In, theindividualquarkspincontributionscanbecalculated.SLAC Experiments E - 8 0 6 and E-1307 made the first measurements of polarized protonstructure function. They were followed by the European Muon Collaboration group(EMC). The latter’s measurement8 of Ip=–01260018.. implies

Δu = ± 0 74 0 05

. . , Δd = − ± 0 52 0 05

. . , Δs = − ± 0 18 0 06 Δ Δ Δ Δ q u d s

= + + = ±0 05 0 16

. . .

This rather surprising conclusion that quarks carry little of the spin of the proton has beendubbed the Spin Crisis. The results also imply that there is substantial strange seapolarization. There has been much theoretical speculation on this.9

4 R.L. Jaffe and A.V. Manohar, Nucl. Phys. B337 (1990) 509, F.E. Close and R.G. Roberts, Phys. Lett.B316 (1993) 165.5 Review of Particle Properties, Phys. Rev. D45 (1992) 1.6 M.J. Alguard et al, Phys. Rev. Lett. 37 (1976) 1258 and M.J. Alguard et al, Phys. Rev. Lett. 37(1976) 1261.7 G. Baum et al, Phys. Rev. Lett. 51 (1083) 1135.8 J. Ashman et al, Phys. Lett. B206 (1988) 364 and J. Ashman et al, Nucl. Phys. B328 (1989) 1.9 G. Altarelli et al, Phys. Lett. B212 (1988) 391, R.D. Carlitz et al, Phys. Lett. B214 (1988) 229, S.Brodsky et al, Phys. Lett. B206 (1988) 309, J. Ellis et al, Phys. Lett. B213 (1988) 73.

52. SLAC Experiment E-142The goal of SLAC experiment E-14210 is to perform a high statistics measurement of theneutron’s polarized structure function gn1 and hence obtain In.Thiscanbecombined withameasurementofIp to check the Bjorkensum rule.Itcanalsobeused independentlyof Ipto calculate quark contribution to nucleon spin.2.1 BeamCircularly polarized light impinges on an AlGaAs cathode11 as shown in Fig. 1.Conservation of angular momentum restricts ionization from certain energy-degeneratespin states, and their relative populations give rise to a net electron beam polarization Pb oftypically39% inthisexperiment.SeeTableI for typicalbeam parameters. Beampolarizationwas measured withM¿llerscattering.Polarizationwas stableovertheentirerun. Polarizationsign was chosen randomly on apulse by pulse basis; thus, falseasymmetriesduetochangesindetectoracceptanceorresponseareminimizedTable I: Beam parameters for E-142.Energy, E19, 22, and 26 GeVIntensity

0 5 2 1011 . − ×

electrons per pulsePulse duration0.8 — 1.4 msecPolarization, Pb38816..%–Polarization Reversalrandom, pulse by pulseRepetition Rate120 Hz

10 P.L. Anthony et al, Phys. Rev. Lett. 71 (1993) 959.11 T. Maruyama et al, J. Appl. Phys. 73 (1993) 5189.

≈ 1^σ_E^{E E GeV}_©^{© % ©( )≈ 15Δ=} − ( )

+ ( )

=

↑↓ ↑↑

↑↓ ↑↑

N N

N N

A P P f b t || ,

N

↑ ↓

(N

↑ ↑

) A_1^n

g_1^n(x)g1

n(x)ΔA 1 nΔg_1^n Δu = ± 0 93 0 03

. . , Δd = − ± 0 33 0 03

. . , Δs = ± 0 01 0 03

. . , Δ Δ Δ Δ q u d s

= + + = ±0 60 0 10

. . . α S