MEASUREMENT OF THE LONGITUDINAL DEUTERON SPIN-STRUCTURE FUNCTION IN DEEP-INELASTIC SCATTERING

A Dissertation Presented by JOHANNES M. BAUER

Submitted to the Graduate School of the University of Massachusetts Amherst in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY September 1996 Department of Physics and Astronomy

ACKNOWLEDGMENTS

First and foremost, I am very grateful to my advisor, Janice Button-Shafer, for bringing me into the collaboration and making it possible for me to obtain my degree from experiment E143. I am thankful for the important guidance which she provided for me. I thank all the committee members for their help and support. I truly appreciate Charlie Young for serving on my committee and traveling to Massachusetts for my dissertation defense. His guidance throughout the analysis work was very valuable to me.

The experiment was performed by the whole collaboration, and I would like to thank everyone in the collaboration, but also all the SLAC personnel for their effort and work. It was a very enjoyful time for me. I would like to thank the spokespersons of the experiment, Ray Arnold and Oscar Rondon, especially Ray for his quiet, but efficient way of helping the group to run a smooth and successful experiment.

I am grateful to the many members of the collaboration who took the time to discuss the physics and analysis with me, especially Peter Bosted and Steve Rock. I thank all the people who answered my numerous questions and gave me suggestions for my dissertation.

What would be the experiment without all the graduate students? It was a pleasure to work with the fellow graduate students on the experiment and the subsequent analysis: Todd Averett, Robin Erbacher, Jeff Fellbaum, Philippe Grenier, Masao Kuriki, T.J. Liu, Paul Raines, and Philipp Steiner. I hope that our paths will cross again some time.

And special thanks to Amy for her patience, understanding and support throughout the years. I also want to express my gratitude to my family in Germany; they did not see me very often while I was in graduate school, but showed their support for whatever I was doing.

ABSTRACT

MEASUREMENT OF THE LONGITUDINAL DEUTERON

SPIN-STRUCTURE FUNCTION IN DEEP-INELASTIC SCATTERING

SEPTEMBER 1996

JOHANNES M. BAUER,

VORDIPLOM PHYSICS, UNIVERSITY REGENSBURG, GERMANY

VORDIPLOM MATHEMATICS, UNIVERSITY REGENSBURG, GERMANY

M.S., ARIZONA STATE UNIVERSITY

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Janice Button-Shafer

Experiment E143 at SLAC performed deep-inelastic scattering measurements with polarized electrons incident on polarized protons and deuterons. The data for the beam energy of 29 GeV cover the kinematical range of x_{Bj} > 0.03 and 1 < Q^2 < 12 GeV^2. From these data, the spin-dependent structure functions g_1 were determined. This dissertation describes the experiment and its analysis and discusses the results. The measured integral of g^d_1 over x from x = 0 to x = 1 is Γ^d_1 = 0.046 � 0.003 (stat)�0.004 (syst) at Q^2 = 3 GeV^2 and disagrees by more than three standard deviations with the prediction of the Ellis-Jaffe sum rule. The data suggest that the quark contribution to the nucleon helicity is 0.35 � 0.05. From the proton data of the same experiment, the integral over the proton spin-structure function g^p_1 was determined to be Γ^p_1 = 0.127 � 0.003 (stat)�0.008 (syst). By combining the deuteron data with the proton data, the integral Γ^n_1 was extracted as

�0.027 � 0.008 (stat)�0.010 (syst). The integral Γ^p_1 � Γ^n_1 is 0.154 � 0.010 (stat) �0.016 (syst) according to the E143 analysis. This result agrees with the important

Bjorken sum rule of 0.171 � 0.009 at Q^2 = 3 GeV^2 within less than one standard deviation. Furthermore, results of a separate analysis involving GLAP evolution equations are shown. Data were also collected for beam energies of 16.2 and 9.7 GeV. Results for g_1 at these energies are presented.

TABLE OF CONTENTS

Page

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . ii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . viii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . xi

Chapter

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . 1

2. THEORETICAL BACKGROUND AND PHYSICS OVERVIEW . 3

2.1 Kinematics of Deep-Inelastic Scattering . . . . . . . . . 3 2.2 Tensors for Lepton-Nucleon Deep-Inelastic Scattering . . . 5 2.3 Unpolarized Scattering . . . . . . . . . . . . . . . . 7 2.4 Polarized Scattering . . . . . . . . . . . . . . . . . . 8 2.5 The Parton Model . . . . . . . . . . . . . . . . . . 11 2.6 The Virtual Photon . . . . . . . . . . . . . . . . . . 12 2.7 Q^2-Dependence . . . . . . . . . . . . . . . . . . . . 15

2.7.1 Origin of Q^2-Dependence . . . . . . . . . . . . . 15 2.7.2 Evolution Equations . . . . . . . . . . . . . . . 16

2.8 The Deuteron as Composite of Proton and Neutron . . . . 23 2.9 The Structure Function g_2 . . . . . . . . . . . . . . . 27 2.10 Fermi Motion, EMC Effect, and Nuclear Shadowing . . . . 27 2.11 The Integral of g_1 over x . . . . . . . . . . . . . . . . 30

2.11.1 Bjorken Sum Rule . . . . . . . . . . . . . . . . 30 2.11.2 Ellis-Jaffe Sum Rule . . . . . . . . . . . . . . . 30 2.11.3 The Helicity Content of the Nucleons and the Gluon Contribution . . . . . . . . . . . . . . . . . . . 33 2.11.4 Other Sum Rules . . . . . . . . . . . . . . . . 36

2.12 Experimental Status before E143 . . . . . . . . . . . . 37

3. TECHNICAL DISCUSSION OF EXPERIMENT E143 . . . . . 42

3.1 Beam . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.1 Electron Source . . . . . . . . . . . . . . . . . 42 3.1.2 The Linear Accelerator . . . . . . . . . . . . . 48 3.1.3 Beam Switch Yard and A-Line . . . . . . . . . . 48 3.1.4 End Station A . . . . . . . . . . . . . . . . . 50

3.2 Møller Polarimeter . . . . . . . . . . . . . . . . . . 52 3.3 Polarized Target . . . . . . . . . . . . . . . . . . . 57

3.3.1 Polarizing Method and Thermal Equilibrium . . . . 57 3.3.2 Pre-Irradiation . . . . . . . . . . . . . . . . . 61 3.3.3 Setup . . . . . . . . . . . . . . . . . . . . . 62 3.3.4 Radiation Damage . . . . . . . . . . . . . . . 64 3.3.5 Measurement of Polarization . . . . . . . . . . . 64

3.4 Spectrometers . . . . . . . . . . . . . . . . . . . . 67

3.4.1 Magnets . . . . . . . . . . . . . . . . . . . . 69 3.4.2 Čerenkov . . . . . . . . . . . . . . . . . . . . 70 3.4.3 Shower Counters . . . . . . . . . . . . . . . . 72 3.4.4 Hodoscopes and Trigger Counters . . . . . . . . . 73

3.5 Electronics . . . . . . . . . . . . . . . . . . . . . . 75 3.6 Data Acquisition . . . . . . . . . . . . . . . . . . . 80

4. ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . 82

4.1 Data Set . . . . . . . . . . . . . . . . . . . . . . . 82 4.2 A-Line and Spectrometer Magnets . . . . . . . . . . . 85 4.3 Beam Analysis . . . . . . . . . . . . . . . . . . . . 86

4.3.1 Beam Polarization . . . . . . . . . . . . . . . . 86 4.3.2 Polarization Bit . . . . . . . . . . . . . . . . . 88 4.3.3 Beam Charge Measurements . . . . . . . . . . . 90 4.3.4 Rastering . . . . . . . . . . . . . . . . . . . 90

4.4 Target Polarization . . . . . . . . . . . . . . . . . . 92

4.4.1 Polarization of Other Material . . . . . . . . . . 93 4.4.2 Correction to Target Polarization due to Beam . . . 94

4.5 Event Reconstruction: Čerenkov . . . . . . . . . . . . 96 4.6 Event Reconstruction: Shower Counter . . . . . . . . . 97

4.6.1 Cellular Automaton . . . . . . . . . . . . . . . 97 4.6.2 Calibration of Shower Counter . . . . . . . . . . 97 4.6.3 Neural Network . . . . . . . . . . . . . . . . . 98

4.7 Event Reconstruction: Tracking . . . . . . . . . . . . 100

4.7.1 Tracking Code . . . . . . . . . . . . . . . . . 100 4.7.2 Tracking Efficiency Studies . . . . . . . . . . . . 107 4.7.3 Possible Improvement of Tracking Code . . . . . . 109

4.8 From Counts to Asymmetries . . . . . . . . . . . . . . 111

4.8.1 Cuts used in Selection of Events . . . . . . . . . 111 4.8.2 Dead-Time Correction . . . . . . . . . . . . . . 118 4.8.3 Dilution Factor . . . . . . . . . . . . . . . . . 120 4.8.4 Nitrogen Correction . . . . . . . . . . . . . . . 123 4.8.5 Background Subtraction: Pions and Electrons from Pair Production . . . . . . . . . . . . . . . . . . 125 4.8.6 Radiative Corrections . . . . . . . . . . . . . . 129 4.8.7 Sign-change of A_⊥ for 7^∘ spectrometer . . . . . . . 132

4.9 From Asymmetries to Structure Functions and Integrals . . 133

4.9.1 Kinematical Range of the Data . . . . . . . . . . 134 4.9.2 Combining 4.5^∘ and 7^∘ Spectrometer Data . . . . . 136 4.9.3 Evolution to Common Q^2 . . . . . . . . . . . . 137 4.9.4 High-x Extrapolation . . . . . . . . . . . . . . 137 4.9.5 Low-x Extrapolation . . . . . . . . . . . . . . . 139

4.10 Systematic Error . . . . . . . . . . . . . . . . . . . 140

5. RESULTS AND DISCUSSION . . . . . . . . . . . . . . . 144

5.1 Results from the 29 GeV Data . . . . . . . . . . . . . 145

5.1.1 Asymmetries and Spin-Structure Functions . . . . . 145 5.1.2 Sum Rules and Helicity Content . . . . . . . . . 151

5.2 Systematic Error and Checks . . . . . . . . . . . . . . 156

5.2.1 Results of Systematic Error Calculations . . . . . . 156 5.2.2 Alternate Low-x Extrapolations . . . . . . . . . . 157 5.2.3 Assumption A_1 and A_2 are Q^2-Independent . . . . 159 5.2.4 Dependence on Direction of Target Magnetic Field and Enhancement . . . . . . . . . . . . . . . . . 160 5.2.5 Inclusion of pre-ROD Data . . . . . . . . . . . . 161

5.3 Results from 9.7 and 16.2 GeV Data . . . . . . . . . . . 162 5.4 Application of Evolution Equations . . . . . . . . . . . 165 5.5 Comparison to Previously Published E143 Results . . . . 171

6. CONCLUSION AND OUTLOOK . . . . . . . . . . . . . . 174

APPENDICES

A. ASYMMETRY FOR (L=2)-STATE IN DEUTERON . . . . . . 177 B. TABLES: PROTON 29 GEV . . . . . . . . . . . . . . . . 178 C. TABLES: DEUTERON 29 GEV . . . . . . . . . . . . . . . 184 D. TABLE: NEUTRON 29 GEV . . . . . . . . . . . . . . . . 190 E. TABLES: PROTON 16 AND 9 GEV . . . . . . . . . . . . . 191 F. TABLES: DEUTERON 16 AND 9 GEV . . . . . . . . . . . 195

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . 199

LIST OF TABLES

Table Page 1. Variables in deep-inelastic lepton-nucleon scattering. . . . . . . 6 2. Clebsch-Gordan coefficients and probabilities for the (L=2)-state. 25 3. Model calculations for deuteron D-state probability ω_D. . . . . . 26 4. Predictions for quark-contributions to nucleon spin from three different theoretical models. . . . . . . . . . . . . . . . . . . . . . 35 5. Parameters of previous experiments. . . . . . . . . . . . . . 41 6. Major characteristics of the hodoscopes. . . . . . . . . . . . . 74 7. Run numbers and times of data taken. . . . . . . . . . . . . 83 8. Beam position corrections due to spectrometer magnet fringe fields. 92 9. Target polarization correction factors for beam heating. . . . . . 95 10. Track classes used during analysis. . . . . . . . . . . . . . . 103 11. Packing fraction p_f used for the analysis. . . . . . . . . . . . 121 12. Lowest and highest x-bins used for the analysis. . . . . . . . . 135 13. Bin numbers and their borders in x. . . . . . . . . . . . . . 145 14. Results for the integration of g^p_1 and g^d_1 over x. . . . . . . . . . 152 15. Results for the integration of g^n_1 and g^p_1 � g^n_1 over x. . . . . . . 154 16. Contribution of the systematic error sources to the integral over the data region. . . . . . . . . . . . . . . . . . . . . . . . . 157 17. Results of the low-x fits using different functions. . . . . . . . . 158 18. Results for Γ^p_1 and Γ^d_1 at 29 GeV under the assumption of g_1/F_1 or of A_1 and A_2 being independent of Q^2. . . . . . . . . . . . . . 159 19. Results for the 29 GeV integral over the data region for different subsets of the runs. . . . . . . . . . . . . . . . . . . . . . . . . 160 20. Results of the integral of g^p_1 and g^d_1 over the data range with and without pre-ROD data. . . . . . . . . . . . . . . . . . . . 162

21. Integrals of g_1 over x for the data range at Q^2 = 3 GeV^2. . . . . 164 22. E143 results for the integral over g_1, integrated over the data range or over the full range from x = 0 to x = 1. . . . . . . . . . . . . 170 23. Comparison of previously published E143 results of Γ_1 with the results from this dissertation. . . . . . . . . . . . . . . . . . . . 172 24. A_‖ and A_⊥ proton 29 GeV results for the 4.5^∘ spectrometer with statistical errors. . . . . . . . . . . . . . . . . . . . . . . . 178 25. A_‖ and A_⊥ proton 29 GeV results for the 7^∘ spectrometer with statistical errors. . . . . . . . . . . . . . . . . . . . . . . . . 179 26. g_1/F_1, A_1 and A_2 proton 29 GeV results (both spectrometers). . . 180 27. Results of structure function g_1 from the proton 29 GeV 4.5^∘ spectrometer data with statistical errors. . . . . . . . . . . . . . . 181 28. Results of structure function g_1 from the proton 29 GeV 7^∘ spectrometer data with statistical errors. . . . . . . . . . . . . . . 182 29. Results of structure function g_1 for proton 29 GeV (both spectrometers) evolved to Q^2 = 3 GeV^2. . . . . . . . . . . . . . . . 183 30. A_‖ and A_⊥ deuteron 29 GeV results for the 4.5^∘ spectrometer with statistical errors. . . . . . . . . . . . . . . . . . . . . . . 184 31. A_‖ and A_⊥ deuteron 29 GeV results for the 7^∘ spectrometer. . . . 185 32. g_1/F_1, A_1 and A_2 deuteron 29 GeV results (both spectrometers). . 186 33. Results of structure function g_1 from the deuteron 29 GeV 4.5^∘ spectrometer data with statistical errors. . . . . . . . . . . . . . 187 34. Results of structure function g_1 from the deuteron 29 GeV 7^∘ spectrometer data with statistical errors. . . . . . . . . . . . . . . 188 35. Results of structure function g_1 for deuteron 29 GeV (both spectrometers) evolved to Q^2 = 3 GeV^2. . . . . . . . . . . . . . . . 189 36. Neutron A_1, A_2 and g_1 results for both spectrometers combined at beam energy 29 GeV. . . . . . . . . . . . . . . . . . . . . 190 37. Proton A_‖ results for 7^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . . . . . . . 191 38. Proton A_‖ results for 4.5^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . . . . . . . 192

39. Proton g_1/F_1, A_1, and g_1 results for 7^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . . . 193

40. Proton g_1/F_1, A_1, and g_1 results for 4.5^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . 194

41. Deuteron A_‖ results for 7^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . . . . . . . 195

42. Deuteron A_‖ results for 4.5^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . . . . . . . 196

43. Deuteron g_1/F_1, A_1, and g_1 results for 7^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . . . 197

44. Deuteron g_1/F_1, A_1, and g_1 results for 4.5^∘ spectrometer at beam energies of 16 GeV (top), 9 GeV (bottom) with statistical errors. . 198

LIST OF FIGURES

Figure Page 1. The inclusive reaction of electrons (e^−) scattered off nucleons (N). 4 2. The zeroth- and first-order QCD terms for lepton-quark scattering. 18 3. First order QCD terms for lepton-quark scattering affecting the gluon distribution. . . . . . . . . . . . . . . . . . . . . . . . . 20 4. Second order virtual gluon diagrams for lepton-quark scattering. . 21 5. Ratio σ(A)/σ(deuterium) versus x for three types of nuclei. . . . 29 6. Schematic view of the SLAC accelerator. . . . . . . . . . . . 43 7. Schematic diagram of energy levels in normal and strained GaAs. . 44 8. Energy levels of conduction and valence band at the surface. . . . 45 9. Schematic drawing of the electron gun. . . . . . . . . . . . . 46 10. Schematic drawing of the polarized electron source. . . . . . . . 47 11. Schematic view of the Møller polarimeter. . . . . . . . . . . . 53 12. Illustration of Møller electrons scattered onto the single- and doublearm detectors. . . . . . . . . . . . . . . . . . . . . . . . 56 13. Illustration of the splitting of the electron and proton energy levels in a magnetic field. . . . . . . . . . . . . . . . . . . . . . . 59 14. Illustration of the optical pumping in the target. . . . . . . . . 60 15. Schematic cross-section of the target used during experiment E143. 63 16. Schematic view of spectrometers used during experiments E142 and E143. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 17. Schematic view of the logic going into MAIN-OR. . . . . . . . 77 18. Quantum efficiencies and double-arm Møller results. . . . . . . 88 19. Beam distribution at foil array. . . . . . . . . . . . . . . . . 91 20. Typical plot of ND_3 polarization versus charge. . . . . . . . . 94 21. ADC response of the 4.5^∘ two-meter Čerenkov counter. . . . . . 96

22. Distribution of the ratio E/p for a typical run. . . . . . . . . . 99 23. Typical distribution of neural network responses. . . . . . . . . 101 24. Flow chart for the top tracking routine. . . . . . . . . . . . . 105 25. Momentum resolution of shower counter and tracking. . . . . . 109 26. Distribution of beam charge for typical run. . . . . . . . . . . 112 27. Good (left) and bad (right) spill values and the cut values for a typical run. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 28. Distribution of beam width and beam raster position (distance from center) for typical run. . . . . . . . . . . . . . . . . . . . 114 29. Distributions of differences between the track x-position and shower cluster x-position of best-matched track-cluster pairs. . . . . . . 116 30. Like Fig. 29, but for distributions in y. . . . . . . . . . . . . 116 31. Like Fig. 29, but for time distributions. . . . . . . . . . . . . 117 32. Distributions of the x-coordinate at the target (in spectrometer coordinates). . . . . . . . . . . . . . . . . . . . . . . . . . 117 33. Dead-times for 29 GeV deuteron runs. . . . . . . . . . . . . . 119 34. Dilution factor for all runs. . . . . . . . . . . . . . . . . . 122 35. A^p_‖ and A^p_⊥ for 29 GeV as used for the nitrogen correction. . . . . 126 36. Ratio of pion to electron rate versus x. . . . . . . . . . . . . 127 37. Pion asymmetries from 29 GeV proton data at longitudinal target polarization. . . . . . . . . . . . . . . . . . . . . . . . . . 128 38. Same as Fig. 37, but for deuteron. . . . . . . . . . . . . . . 128 39. Radiative corrections to asymmetry A^d_‖ for the 4.5^∘ (left) and 7^∘(right) spectrometer. . . . . . . . . . . . . . . . . . . . . . . . 132 40. A_‖ and A_⊥ from the 29 GeV deuteron results. . . . . . . . . . 146 41. A_1 and A_2 from the 29 GeV deuteron results. . . . . . . . . . 147 42. A^d_1, both spectrometers combined, with SMC data [5]. . . . . . 148 43. g^d_1 from 29 GeV data, both spectrometers combined. . . . . . . 148

44. xg^d_1 from 29 GeV data, both spectrometers combined. . . . . . . 149 45. Asymmetry A^n_1 from E143 29 GeV and E142. . . . . . . . . . 150 46. Structure function g^n_1 from E143 29 GeV, SMC and E142. . . . . 150 47. Experimental results of Γ_1 with Ellis-Jaffe predictions (solid lines) calculated using third-order leading twist QCD corrections. . . . . 153 48. Experimental results of the integral Γ^n_1 with the prediction of the Ellis- Jaffe sum rule. . . . . . . . . . . . . . . . . . . . . . . . 153 49. Experimental results of the integral Γ^p_1 � Γ^n_1 with the prediction of the Bjorken sum rule. . . . . . . . . . . . . . . . . . . . . . 155 50. Δq vs. Δs from all experiments. . . . . . . . . . . . . . . . 156 51. Proton and deuteron g_1 (both spectrometers combined) with low- and high-x fits. . . . . . . . . . . . . . . . . . . . . . . . . 158 52. Asymmetry A^p_1 from 9.7 and 16.2 GeV data. . . . . . . . . . . 163 53. Asymmetry A^d_1 from 9.7 and 16.2 GeV data. . . . . . . . . . . 163 54. Spin-structure function g_1 for proton and deuteron at beam energies 9.7 and 16 GeV, both spectrometers combined, evolved to Q^2 = 3 GeV^2. . . . . . . . . . . . . . . . . . . . . . . . . . . 164 55. Integrand of gluon convolution integral with C_g = 1. . . . . . . 166 56. E143 proton 29 GeV g_1 results unevolved and evolved to Q^2 = 3 GeV^2 for 4.5^∘ spectrometer data. . . . . . . . . . . . . . . . . . 168 57. E143 proton 29 GeV g_1 data unevolved and evolved to Q^2 = 3 GeV^2 for 7^∘ spectrometer data. . . . . . . . . . . . . . . . . . . 168 58. E143 deuteron 29 GeV g_1 results unevolved and evolved to Q^2 = 3 GeV^2 for 4.5^∘ spectrometer data. . . . . . . . . . . . . . . 169 59. E143 deuteron 29 GeV g_1 results unevolved and evolved to Q^2 = 3 GeV^2 for 7^∘ spectrometer data. . . . . . . . . . . . . . . . 169