A new measurement of g^p_1

Spin Muon Collaboration (SMC) at CERN

Abstract. We present a new measurement of the spin-dependent structure function g^p_1 of the proton from deep inelastic scattering of 190 GeV polarized muons on polarized ammonia from our 1996 run in the kinematic range 1 < Q^2 < 100 GeV^2 and 0.003 < x < 0.7. The new data are combined with our previous data on g^p_1 . A perturbative QCD evolution in next-to-leading order is used to compute g^p_1 at a constant Q^2. At Q^2 = 10 GeV^2 assuming a Regge type low x behavior in the region (x < 0.003) we determine Γ^p_1 = 0.149 � 0.006(sta) � 0.009(sys) � 0.005(evol) (Preliminary). Using published results on deuteron we test the Bjorken sum rule. The values of the first moments, both of proton and the deuteron, depend critically on the low x assumptions made for the behavior of the spin structure function. A preliminary analysis assuming a behavior consistent with QCD prediction in this region gives markedly different results.

Measurements of the spin-dependent structure function g^p_1 of the proton are an important tool to study it’s internal spin structure. In combination with similar measurements on deuteron and neutron targets, they allow us to verify the Bjorken sum rule [1] which is a fundamental result of QCD. We report on a new measurement of A^p_1 by the Spin Muon Collaboration (SMC), obtained by scattering longitudinally polarized muons of 190 GeV energy on longitudinally polarized protons in a kinematic range 0.0008 < x < 0.7 and 0.2 GeV^2 < Q^2 < 100 GeV^2 using solid ammonia as polarized target material. The choice of ammonia as the target material against butanol used previously by SMC [2,3] improved the dilution factor by ß 30%. The average longitudinal proton polarization in the polarized ammonia target was P_p = �0.89 with an overall accuracy ΔP_p/P_p = 2.8%. The data, collected in 1996 with the high-energy muon beam of the CERN SPS, complement earlier data taken in 1993 at the same beam energy using butanol [2,3] and improve our statistical precision by approximately by a factor of two.

The beam polarization was determined by measuring the cross-section asymmetry for the scattering of polarized muons on polarized atomic electrons [3,4]. For the beam of 190 GeV nominal energy, the average energy at the interaction vertex is 188 GeV, the polarization at this energy is P_μ = �0.77 � 0.03.

When calculating A^p_‖ we have to account for the contribution of polarized Nitrogen to the longitudinal asymmetry. In the shell model [5], Nitrogen is described as a spinless^{12}C core with a valence proton and neutron responsible for the Nitrogen spin. The correction, expressed [6] in terms of the measured deuteron asymmetry A^d_1 [7], was found to be up to 3% of A^p_‖ and introduced a negligible systematic uncertainty.

The cross section longitudinal spin asymmetry for parallel and antiparallel configurations of beam and target polarizations A^p_‖ = (σ^{↑↓} � σ^{↑↑})/(σ^{↑↓} + σ^{↑↑}) is related to the virtual-photon proton asymmetries A^p_1 and A^p_2 by A^p_‖ = D(A^p_1 + ηA^p_2). The spin-dependent structure function g^p_1 is given by g^p_1 =

F p2 2x(1+R) (A p 1 + γA^p_2). The coefficients η and γ depend only on kinematic variables, the depolarization factor D depends, in addition, on the ratio of total photoabsorption cross sections for longitudinally and transversely polarized virtual photons R = σ_L/σ_T [8,9].

In the kinematic region of our measurement, A^p_2, η and γ are small, we therefore neglect the terms proportional to A^p_2 in the expression of g^p_1 . We use

A^p_1 = (1 + γ^2) g^p_1 F^p_1

= 2x(1 + R) g^p_1 F^p_2 (1) The systematic uncertainty due to a possible residual A^p_2 contribution is estimated using the SMC [10] and the E143 [31] measurements. The analysis is limited to the kinematic region with x ˘ 0.0008 and Q^2 ˘ 0.2 GeV^2. After applying suitable cuts to the data, 9.6�10^6 events remain for the final analysis from the 1996 measurement. The new results are in agreement with the 1993 data within the statistical error. The combined results for A^p_1 are shown as a function of x and Q^2 in Fig. 1 along with the E143 [28] measurements. No Q^2 dependence of A_1 is visible within the accuracy of the present data.

Figure 2 shows A^p_1 averaged over Q^2 as a function of x and compared to our 1993 results. The dominant systematic errors at low x are due to radiative corrections, time-dependent variation of the acceptance ratio for events from the upstream and the downstream target cells and uncertainties in A^p_2. At large x, the dominant sources of systematic errors are uncertainties in the the ratio R and in the beam and target polarizations.

We compute g^p_1 for data with Q^2 ˘ 1 GeV^2 using Eqn. 1. In our previous publications we have used F_2 and R parameterization from NMC [13] and SLAC [14] respectively. Use of these suffers from the drawback that none of these measurements really extended in to the low x region that SMC explores. As such we had to extrapolate their parameterizations into such low x regions. Recently, new F^p_2 data at smaller x became available from NMC [15], E665 [16], H1 [17] and ZEUS [18]. We performed a new fit of F^p_2 which includes these new data, the data from SLAC [19], from NMC [13] and BCDMS [20] and covers the kinematic range 3.5 � 10^{−5} < x < 0.85 and 0.2 < Q^2 < 5000 GeV^2. We use the same functional as used for the previous parametrization provided by NMC [13]. As in our previous publications we use for R in the high x region the SLAC parametrization [14]. For x < 0.12 we now use the R parametrization by NMC [15].

Figure 3 shows the g^p_1 calculated from our new 1996 data using the two consistent sets of parametrizations of F_2 and R, the resulting differences in the values of g^p_1 are negligible compared to the statistical uncertainties in the

FIGURE 1. A^p_1 as a function of Q^2 for different x bins for SMC 93+96 data compared to the E143 data.

FIGURE 2. A^p_1 versus x for SMC 93 and SMC 96

FIGURE 3. Comparison of g^p_1 at measured Q^2 from SMC 1996 data using old and new F_2 and R parameterizations.

FIGURE 4. Comparison of g^p_1 SMC 1993, 1996 and combined (1993 + 1996) data.

data. In Fig. 4 results for g^p_1 (x) at the average Q^2 of each bin for 1996 data (open squares) are compared to our 1993 data (open circles). The new results agree with the previous ones, however they do not suggest a rise of g^p_1 (x) at low x. The combined results are shown in same figure (open triangles).

We use our data in the kinematic region Q^2 ˘ 1 GeV^2, x ˘ 0.003 to evaluate Γ^p_1 at a fixed Q^2 and to test the spin sum rules. Although no explicit Q^2 dependence of the asymmetry A^p_1 (¸ g_1/F_1) is observed within the errors, different Q^2 behaviors of g_1 and F_1 are expected from perturbative QCD [21] The Q^2 dependence of g_1 is estimated by a pQCD analysis [21] using DGLAP evolution equations [22,23] and QCD splitting and coefficient functions [24] at next-to-leading order (NLO) in the Adler–Bardeen (AB) factorization scheme [21]. We decompose the structure functions g_1 of the proton and of the neutron into a polarized quark singlet ΔΣ(x), quark nonsinglet Δq^p_{NS}(x) and Δq^n_{NS}(x) for proton and neutron respectively, and gluon Δg(x) distributions. These four distributions Δf_j are parametrized at Q^2 = 1 GeV^2 as Δf_j(x) = η_jN(α_j, β_j, a_j)x^{αj} (1 � x)^{βj} (1 + a_jx) (2)

The normalization factor N is fixed such that the parameter η_j is the first moment of the respective parton distribution, η_j = ∫ 1 0 Δf_j(x)dx. For the proton and neutron non singlet distributions this first moment is known in terms of the flavor SU(3) coupling constants F and D, for which we use

FIGURE 5. QCD fit to the world proton data

F + D = g_A/g_V = 1.2601 � 0.0025 [25] and F/D = 0.575 � 0.016 [26]. For the strong coupling constant, we use α_s(m^2_Z) = 0.118 � 0.003 [25]. Since β_g is poorly constrained we set it to 4.0 as suggested by QCD counting rules [27]. In addition we set a_g = a^p_{NS} = a^n_{NS} = 0 since the QCD fit results in these parameters being consistent with zero and have large uncertainties. To determine the parameters of the parton distribution at Q^2 = 1 GeV^2 we evolve them to the Q^2 of the measurements, construct g_1 which is then fit to the data. In addition to the new data presented in this paper with Q^2 > 1 GeV^2 we use all the published data having Q^2 ˘ 1 GeV^2 on proton, deuteron and neutron: SMC previous publications [3] and [7], the EMC [8], the SLAC [28–30,33] and the HERMES [34]. With 10 free parameters, the χ^2 of the fit is 97.5 for 123 degrees of freedom. The result of the fit for proton is shown in Fig. 5.

Starting from g_1(x, Q^2) at the measured x and Q^2 of our experiment we obtain g_1 at a fixed Q^2_0 as follows:

g_1(x, Q^2_0) = g_1(x, Q^2) + [g^{fit}_1 (x, Q^2_0) � g^{fit}_1 (x, Q^2)],

where g^{fit}_1 (x, Q^2_0) and g^{fit}_1 (x, Q^2) are the values of g_1 evaluated at Q^2_0 and the Q^2 of the experimental measurement using the best fit parameters. We choose Q^2_0 = 10 GeV^2 which is close to the average Q^2 of our data. The uncertainty in the QCD evolution is evaluated and includes the uncertainties in the renormalization and factorization scales, the uncertainties in the assumed form of the initial polarized parton distributions at Q^2_0 = 1 GeV^2, the uncertainty in the quark mass thresholds, the uncertainties in the values of α_s, g_A, a_8 and the statistical and systematic errors of the input data used in the QCD analysis. One variable of particular interest is the first moment of the gluon distribution η_g. The QCD analysis and the error analysis presented here results in η_g = 0.9 � 0.3(exp.) � 0.8(theo.) at Q^2 = 1 GeV^2. The theoretical uncertainties in the determination of η_g = Δg are too large to make any definite statement on the sign of this quantity.

In the measured range 0.003 < x < 0.7, the contribution to the first moment of the proton structure function is ∫ 0.7 0.003

g^p_1(x, Q^2_0)dx = 0.145 � 0.006 � 0.009 � 0.005 (Q^2_0 = 10 GeV^2)

where the first uncertainty is statistical, the second is systematic and the third is due to the uncertainty in Q^2 evolution. To estimate the contribution to the first moment from the unmeasured high x region 0.7 < x < 1.0, we assume A^p_1 = 0.7 � 0.3 which is consistent with the data as well as with the bound A_1 ˇ 1, it gives ∫_1 0.7 g^p_1(x, Q^2_0)dx = 0.0015 � 0.0007

To estimate the contribution from the unmeasured low x region, we assume g^p_1 = constant at 10 GeV^2, consistent with Regge behavior g^p_1 / x^{−α} (�0.5 < α < 0.0). This constant obtained from the 3 lowest x data points evolved to 10 GeV^2 leads to

∫ 0.003 0.0 g^p_1(x, Q^2_0)dx = 0.0028 � 0.0010 (Regge low x)

where the error is the precision of the fit. However, we assign 100% uncertainty i.e. �0.0028, to this extrapolation.

The corresponding values for the first moment of g^p_1 over the entire x range at Q^2_0 = 10GeV^2 is ∫ 1 0 g^p_1(x, Q^2_0 = 10GeV^2) = 0.149 � 0.006 � 0.009 � 0.005 (Regge low x)

Assuming SU(3)_f within the baryon octet [35] we determine the flavor singlet axial charge a_0(Q^2) = a_u + a_d + a_s of the nucleon using the experimentally determined first moment of the proton from the equation

Γ^p_1(Q^2) =

C^{NS}_1 (Q^2) 12 [ a_3 + a_8 3 ] + C^S_1 (Q^2) 9 a_0(Q^2).

For a_3 and a_8 we take values calculated from the experimental measurements of g_A/g_V and F/D. The singlet and non-singlet coefficient functions C^S_1 and C^{NS}_1 have been calculated to 3rd and 4th order in α_s [36] respectively. Using the SMC proton data alone we get the value of a_0 and a_s to be 0.41 � 0.11

and �0.06 � 0.04 respectively. Combining this with our deuteron data they

become 0.33�0.07 and �0.08�0.03 respectively. Both numbers point to clear violation of the Ellis-Jaffe sum rule.

In order to test the Bjorken sum rule, we calculate Γ^n_1 from our deuteron data [7] using the relation (Γ^p_1 +Γ^n_1) = 2Γ^d_1/(1 + 1.5ω_D). We get Γ^n_1 = �0.046�0.021 at Q^2 = 10 GeV^2. For the Bjorken integral we get Γ^p_1 � Γ^n_1 = 0.211 � 0.026 which is in excellent agreement with the theoretical prediction of 0.187 � 0.002 at Q^2 = 10 GeV^2.

An alternative method, presently under study, uses the QCD fit to calculate the low x contribution to the first moment of the structure function. Figure 6 and its inset show the xg^p_1 vs. x at Q^2_0 = 10 GeV^2. The SMC data points (open squares) with the QCD fit (continuous line) are shown. In the region x < 0.003 the dot dashed line shows the Regge assumption discussed before. The dashed line indicates the calculation of the QCD best fit in this region. Note that the contribution to the first moment from this region assuming g^p_1 behavior consistent with QCD gives a large negative contribution:

�0.011�0.010 (Preliminary). Detailed considerations of this approach and the

theoretical uncertainties are in progress. Initial indications are that all conclusions regarding the spin sum rules based on the Regge type of low x behavior of the spin structure functions also hold in this approach. The behavior of the spin structure function in the region (x < 0.003) is however undetermined and will have to be explicitly measured in future experiments.

In summary, we have made a new measurement of the structure function g^p_1 in the kinematic region 1 < Q^2 < 100 GeV^2 and 0.003 < x < 0.7. When combined with our old data this results in a factor ¸ 2 reduction in the statistical uncertainty in g^p_1 . Following an analysis similar to the one in our previous publications we find that our data are in excellent agreement with Bjorken sum rule prediction. We note that the determination of the first moment of the structure function depends critically on the assumptions made for the behavior of the structure functions in low x unmeasured region. This uncertainty can only be reduced by direct measurements in this region. Further studies related to the effect of different assumptions in the low x region on the spin sum rules and other physical quantities are in progress.

REFERENCES

1. J.D. Bjorken, Phys. Rev. 148 (1966) 1467; Phys. Rev. D1 (1970) 1376. 2. SMC, D. Adams et al., Phys. Lett. B329 (1994) 399.

3. SMC, D. Adams et al., Spin Structure of the Proton from Polarized Deep Inelastic Muon-Proton Scattering, submitted to Phys. Rev. D.; hep-ex/9702005 4. P. Schüler, Proc. 8th Int. Symposium on High Energy Spin Physics, Minneapolis 1988, ed. by K.J. Heller, AIP Conference Proceedings Vol. 187.

5. J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics (Dover Publications Inc., New York, 1979) 6. SMC, B. Adeva et al., Submitted to Nuclear Instrument Methods A. 7. SMC, D. Adams et al., Phys. Lett. B396 (1997) 338.

FIGURE 6. xg^p_1 vs. x at Q^2 = 10 GeV^2. The SMC data are shown with the QCD fit (solid line), the low x extrapolation assuming Regge behavior in the region x < 0.003 is is always positive (dot dashed line), while the contribution to the first moment assuming a QCD-consistent behavior (dashed line) gives a large negative contribution. The inset shows the low x region in more detail.

8. EMC, J. Ashman et al., Phys. Lett. B206 (1988) 364; Nucl. Phys. B328 (1989) 1. 9. T. Pussieux and R. Windmolders, in: Internal Spin Structure of the Nucleon, ed. by V.W. Hughes and C. Cavata (World Scientific, Singapore, 1995), p. 212.

10. SMC, D. Adams et al., Phys. Lett. B336 (1994) 125. 11. E143 Collaboration, K. Abe et al., Phys. Rev. Lett. 76 (1996) 587. 12. E143 Collaboration, K. Abe et al., Phys. Rev. Lett. 74 (1995) 346. 13. NMC, M. Arneodo et al., Phys. Lett. B364 (1995) 107.

14. SLAC, L.W. Whitlow et al., Phys. Lett. B250 (1990) 193. We use the parametrization published in L.W. Whitlow, PhD Thesis, Stanford University, 1990.

15. NMC Collaboration, M. Arneodo et al., Nucl. Phys. B483 (1997) 3. 16. E665 Collaboration, Pub-95/396-E Submitted to Phys. Rev. Lett. 17. H1 Collaboration, S. Aid et al., Nucl. Phys. B470 (1996) 3. 18. ZEUS Collaboration, M. Derick et al., DESY 96-076, Submitted to Z. Phys. C 19. SLAC, L. W. Whitlow et al., Phys. Lett. B282(1992) 475. 20. BCDMS Collaboration, A.C. Benvenuti et al., Phys. Lett. B233 (1989) 485. 21. R. D. Ball, S. Forte, and G. Ridolfi, Phys. Lett. B378 (1996) 255. 22. G. Altarelli and G. Parisi, Nucl.Phys. B126 (1977) 298. 23. G. Altarelli, Phys. Rep. 81 (1982) 1.

24. R. Mertig and W.L. van Neerven, Leiden preprint INLO-PUB-6/95, hepph/9506451; W. Vogelsang, Phys. Rev. D54 (1996) 2023.

25. Particle Data Group, R.M. Barnett et al., Phys. Rev. D54 (1996) 1. 26. F.E. Close and R.G. Roberts, Phys. Lett. B316 (1993) 165. 27. S.J. Brodsky, M. Burkardt and I. Schmidt, Nucl. Phys. B441 (1995) 197. 28. E143 Collaboration, K. Abe et al., Phys. Rev. Lett. 74 (1995) 346. 29. E143 Collaboration, K. Abe et al., Phys. Rev. Lett. 75 (1995) 25. 30. E143 Collaboration, K. Abe et al., Phys. Lett. B364 (1995) 61. 31. E143 Collaboration, K. Abe et al., Phys. Rev. Lett. 76 (1996) 587. 32. E142, P.L. Anthony et al., Phys. Rev. Lett. 71 (1993) 959; Phys. Rev. D54 (1996) 6620.

33. E. Hughes, Proc. 28th Int. Conference on High Energy Physics,Warsaw 1996, to be published.

34. A. Simon, Proc. 12th Int. Symposium on High-Energy Spin Physics, Spin96, Amsterdam 1996, to be published.

35. J. Ellis and R.L. Jaffe, Phys. Rev. D9 (1974) 1444; D10 (1974) 1669. 36. S.A. Larin, Phys. Lett. B334 (1994) 192.