QUASI-ELASTIC ELECTRON SCATTERING FROM A HIGH-MOMENTUM NUCLEON IN DEUTERIUM

A Dissertation Presented to The Faculty of the Department of Physics The College of William and Mary in Virginia

In Partial Fulfillment Of the Requirements for the Degree of Doctor of Philosophy

by Cornel Butuceanu 2006

APPROVAL SHEET

This dissertation is submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Cornel Butuceanu

Approved, January 2006

Dr. Keith A. Griffioen, Chair

Dr. John M. Finn

Dr. Charles F. Perdrisat

Dr. John D. Walecka

Dr. Mahbub Khandaker, Norfolk State University

Dr. Sebastian Kuhn, Old Dominion University

This work is dedicated to my sons, Nicolae Alexandru and Cristian Joseph

CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . viii LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xx CHAPTER

1 Physics Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 Lepton-Hadron Scattering Formalism . . . . . . . . . . . . . . . . 8 1.2.1 Elastic Electron-Proton Scattering . . . . . . . . . . . . . . 9 1.2.2 Inelastic Electron-Proton Scattering . . . . . . . . . . . . . 12 1.3 d(e,e^′N)N Exclusive Reactions Formalism . . . . . . . . . . . . . . 15 1.3.1 Features of Exclusive Electronuclear Reactions . . . . . . . 17 1.3.2 Plane Wave Impulse Approximation . . . . . . . . . . . . . 20 1.3.3 Single Re-scattering Amplitude . . . . . . . . . . . . . . . 23 1.3.4 Final State Interactions . . . . . . . . . . . . . . . . . . . . 25 1.3.5 Meson Exchange Currents and Δ-Isobar Contributions . . 29 1.3.6 d(e,e^′N)N Cross Section . . . . . . . . . . . . . . . . . . . 32 1.3.7 New Theoretical Developments . . . . . . . . . . . . . . . 33 1.3.8 Nuclear Transparency T and Re-scattering Effects . . . . . 40 1.4 Overview of Existent Data . . . . . . . . . . . . . . . . . . . . . . 48 1.5 Analysis Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2 Experimental Apparatus . . . . . . . . . . . . . . . . . . . . . . 56 2.1 Accelerator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 2.2 General Description of the CLAS Detector . . . . . . . . . . . . . 58 2.2.1 Main Torus Magnet . . . . . . . . . . . . . . . . . . . . . . 59 2.2.2 Drift Chambers . . . . . . . . . . . . . . . . . . . . . . . . 60 2.2.3 Cherenkov Counters . . . . . . . . . . . . . . . . . . . . . 62 2.2.4 Time-of-Flight Detector System . . . . . . . . . . . . . . . 64 2.2.5 Electromagnetic Shower Calorimeter . . . . . . . . . . . . 66 2.3 Cryogenic Target . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 2.4 Event Trigger and Data Acquisition . . . . . . . . . . . . . . . . . 70 3 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.1 Detector Calibrations . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.1.1 Drift Chamber Calibration . . . . . . . . . . . . . . . . . . 74 3.1.2 Time-of-Flight System (TOF) Calibration . . . . . . . . . 78 3.1.3 Electromagnetic Calorimeter Calibration . . . . . . . . . . 85 3.2 Data Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 3.3 Electron Identification . . . . . . . . . . . . . . . . . . . . . . . . 91 3.3.1 Fiducial Cuts . . . . . . . . . . . . . . . . . . . . . . . . . 92 3.3.2 Electromagnetic Calorimeter Cuts . . . . . . . . . . . . . . 95 3.3.3 Pion Contamination . . . . . . . . . . . . . . . . . . . . . 97 3.3.4 Contamination from e^+e^− Pair Production . . . . . . . . . 99 3.3.5 Electron Vertex Correction . . . . . . . . . . . . . . . . . . 101 3.3.6 Electron Vertex Cut . . . . . . . . . . . . . . . . . . . . . 102 3.4 Proton Identification . . . . . . . . . . . . . . . . . . . . . . . . . 103 3.4.1 Time-of-Flight Back-Paddle Correction . . . . . . . . . . . 103 3.4.2 Proton Vertex Correction . . . . . . . . . . . . . . . . . . . 106

3.4.3 Proton Vertex Cut . . . . . . . . . . . . . . . . . . . . . . 107 3.4.4 Energy Loss Correction . . . . . . . . . . . . . . . . . . . . 108 3.4.5 Momentum and Angular Corrections . . . . . . . . . . . . 110 3.4.6 Accidentals Protons . . . . . . . . . . . . . . . . . . . . . . 113 4 Physics Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 4.1 Event Selection and Kinematic cuts . . . . . . . . . . . . . . . . . 116 4.2 CLAS Acceptance Calculations . . . . . . . . . . . . . . . . . . . 130 4.2.1 Detector Simulation . . . . . . . . . . . . . . . . . . . . . . 130 4.2.2 Inclusive d(e,e^′) Simulation . . . . . . . . . . . . . . . . . 136 4.2.3 Exclusive d(e,e^′p_s)n Simulation . . . . . . . . . . . . . . . 146 4.3 Absolute Normalizations . . . . . . . . . . . . . . . . . . . . . . . 156 4.3.1 Beam Charge . . . . . . . . . . . . . . . . . . . . . . . . . 156 4.3.2 Empty Target contribution . . . . . . . . . . . . . . . . . . 157 4.3.3 Cross Section Calculation . . . . . . . . . . . . . . . . . . 159 4.3.4 Radiative Corrections . . . . . . . . . . . . . . . . . . . . . 160 4.4 Corrections and Error Analysis . . . . . . . . . . . . . . . . . . . 171 5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . 178 5.1 Inclusive d(e,e^′) Absolute Cross Sections . . . . . . . . . . . . . . 178 5.2 Exclusive d(e,e^′p)n Absolute Cross Sections . . . . . . . . . . . . . 187 5.3 Nuclear CT Signature Studies . . . . . . . . . . . . . . . . . . . . 216 5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 APPENDIX A Feynman Diagram Rules in GEA . . . . . . . . . . . . . . . . . . . 223 APPENDIX B Analytic Calculation of Scattering Amplitude . . . . . . . . . . . 225 APPENDIX C Inclusive d(e,e^′) Cross Sections . . . . . . . . . . . . . . . . . . . . 227

APPENDIX D

Exclusive d(e,e^′p_s)n Cross Sections . . . . . . . . . . . . . . . . . . 254 APPENDIX E

GSIM FFREAD Card Settings . . . . . . . . . . . . . . . . . . . . 263 APPENDIX F

Parameterization of p_s, Q^2, x and ϕ_{pq} . . . . . . . . . . . . . . . . . 264 BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266 VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

ACKNOWLEDGEMENTS

Albert Einstein once said, “In the middle of difficulty lies opportunity.” I look back upon my life (that of Communism, revolution, little hope and uncertainty) and am in awe that opportunity found its way to my door. It needed knock only once, for I was waiting. During the wait, I read that, “To accomplish great things, we must not only act, but also dream; not only plan, but also believe.” As I see this work in its final form, I realize that my actions, my dreams, my plans and my beliefs have been molded, created and brought to fruition by many people. I would like to acknowledge those individuals who have helped me to dream, to plan, to believe, and to seize such an incredible opportunity.

First, let me thank my advisor, Professor Keith Griffioen, whose patience, guidance and advice helped me stay focused on this long and arduous journey. Many thanks are deserved by my thesis committee members, Michael Finn, Todd Averett, and Dirk Walecka, who rallied behind me and supported my efforts. A special thank you goes out to Sebastian Kuhn, Charles Perdrisat and Mahbub Khandaker who agreed to serve on my committee for the final step of this road. A major contribution into my appreciation of physics was made by, perhaps, the greatest teacher I’ve known, Professor Walecka. To have been his pupil was a priviledge and a gift, for he increased my desire to learn and made physics seem like magic. Tremendous gratitude goes to Professor Marc Sher, who convinced the Admissions Committee to take a chance on a Romanian science teacher who had been out of circulation for several years. He instilled in me the strength and courage to tackle the Ph.D. program, stood behind me through the qualifying exam, and served as my cheerleader throughout my studies.

I am forever grateful to a few key individuals who helped me to understand and adjust to the rigors of what lay before me when I entered the doors of Small Hall and the Jefferson Laboratory. First, I would like to thank Zoltan Batiz, a former colleague from my undergraduate studies in Romania whom I found again at William and Mary upon my admission to the program. If it were not for Zoli, I would never have made it through my first two years of graduate school. Zoli, one of two angels I believe came into my life for a purpose, tutored me tirelessly and helped me to find my way back into the world of physics. Special thanks go to Ioana and Gabriel Niculescu, also Romanian friends and colleagues, whom I met at Jefferson Lab. Gabi was always just a phone call or e-mail away, filled with information and an uncanny ability to comprehend and explain the most intricate of things in the most basic of terms.

I would like to acknowledge the assistance provided by the Jefferson Laboratory staff and the CLAS Collaboration. My first steps into the world of CLAS at Jlab were directed by Hovanes Egiyan, Harut Avakian, Stepan Stepanyan, Rustam Niyazov, and I thank them for their great support. A special thank you goes to my fellow colleague and friend, Alexei V. Klimenko, who worked closely with me and helped me through the difficult stages of this project. I would like to thank Kim Egiyan for fruitfull discussions and assistance with my analysis.

I would like to pay tribute to my parents for the sacrifices they made in their lives-for doing without so that I could one day fulfill my dreams. I would especially like to thank my mother, Niculina, who left my father’s side to come to the U.S. for eight months to care for our twin sons soon after their birth. This sacrifice and gesture of compassion enabled me to continue my thesis work and be assured that my sons were in loving hands.

And, finally, I owe everything to my other angel–my wife, Kathryn Butuceanu. She helped me to believe in myself and in things I had thought impossible. Kathy brought me to this country, introduced me to the Physics Department at William and Mary, and convinced me that I had the potential to become a scholar. Her contributions to my success are endless, and her love and support through the years are unmatched. Thank you, Kathy, for always being there for me and for showing me that life is filled with “opportunity”.

LIST OF TABLES

2.1 The E6 trigger setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 2.2 Summary of E94-016 experiment data taking . . . . . . . . . . . . . . 71

3.1 Accumulated charge in deuterium in-bending runs . . . . . . . . . . . 91 3.2 Coefficients a_1, a_2, a_3, a_4 from Eq.Eq. 3.15 for low momentum (P_{el} < 3.0 GeV/c) and high momentum (P_{el} > 3.0 GeV/c) . . . . . . . . . . 94 3.3 Excluded angular regions for Sectors 3, 5 and 6 . . . . . . . . . . . . 95 3.4 The fitted coefficients p_1, p_2, p_3 included in the energy loss correction function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.1 Estimation of the systematic error associated with the missing mass cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 4.2 Systematic errors associated with the missing mass cut . . . . . . . . 123 4.3 Systematic errors associated with the missing mass cut . . . . . . . . 130 4.4 GPP smearing parameters for the three DC regions . . . . . . . . . . 149 4.5 Systematic uncertainties associated with the model-dependence of acceptance calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 4.6 Systematic errors associated with the dependence of radiative correction factor F_{rc} of the inelasticity v . . . . . . . . . . . . . . . . . . . . 170 4.7 Cuts applied to the experimental data . . . . . . . . . . . . . . . . . 173 4.8 Correction factors applied to the experimental data . . . . . . . . . . 174 4.9 Relative systematic errors in percent . . . . . . . . . . . . . . . . . . 175

LIST OF FIGURES

1.1 Flow chart with the building blocks of matter and corresponding sizes 3 1.2 Well potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Schematic picture of a nucleus . . . . . . . . . . . . . . . . . . . . . . 5 1.4 Schematic picture of hard quasi-elastic electron scattering from a deuterium target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.5 Feynmann diagram for elastic electron-proton scattering . . . . . . . 10 1.6 Deep inelastic e-p scattering in the parton model . . . . . . . . . . . 14 1.7 First order Feynman diagram for the lepton-nucleus interaction . . . 17 1.8 Diagrams for the A(e,e^′N) reaction . . . . . . . . . . . . . . . . . . . 19 1.9 The z component of the missing momentum p_{mz} as a function of x . . 20 1.10 The p_m dependence of the cross section for d(e,e^′N) reaction . . . . . 21 1.11 Diagrams for the PWIA and the FSI contributions . . . . . . . . . . . 22 1.12 PP and PN total cross sections versus incoming momentum . . . . . 26 1.13 Conservation of α with nucleon momentum . . . . . . . . . . . . . . . 27 1.14 The reduction theorem in GEA . . . . . . . . . . . . . . . . . . . . . 28 1.15 Diagrams for MEC and IC contributions . . . . . . . . . . . . . . . . 29 1.16 The Q^2-dependence of W_1/W_2 for the inclusive d(e,e’)X reaction . . . 30 1.17 The θ_n dependence of ratio T at Q^2 = 1 GeV^2 . . . . . . . . . . . . . 31 1.18 The ratio R =^{σF ULL}_{σP W IA} plotted a function of θ_{pq} . . . . . . . . . . . . . 34 1.19 The angular dependence of R for on-shell and off-shell nucleons . . . 37

1.20 The experimental NN cross section σ_{NN} and β . . . . . . . . . . . . . 38 1.21 The momentum distribution in the d(e,e^′p)n reaction at x = 1 and Q^2 = 5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 1.22 The Δ form factor G^∗_M is plotted as a function of Q^2 . . . . . . . . . 40 1.23 The momentum distribution in the^3 He(e,e’p)d reaction at x = 1 and Q^2 = 1.55 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 1.24 The dependence of the transparency T on the angle θ_{pq} and the momentum p_s of the recoil nucleon . . . . . . . . . . . . . . . . . . . . . 42 1.25 The θ_{psq} dependence of T at different values of p_s . . . . . . . . . . . 43 1.26 T as a function of Q^2 and p_{st} at α =^{Es−psz}_m = 1 . . . . . . . . . . . . 44 1.27 Theoretical predictions for the Q^2 dependence of the ratio R . . . . . 47 1.28 The nuclear transparency T_{pp} values for^{12}C and for^{27}Al . . . . . . . 50 1.29 Nuclear transparency T_p for^2D,^{12}C,^{56}Fe, and^{197}Au . . . . . . . . . 51 1.30 The Q^2-dependence of T . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.1 The CEBAF machine configuration . . . . . . . . . . . . . . . . . . . 57 2.2 Side view of the experimental setup in Hall B . . . . . . . . . . . . . 58 2.3 3D representation of CLAS with the detector sub-systems . . . . . . . 60 2.4 The main superconducting magnet and contours of constant absolute magnetic field for the CLAS toroid . . . . . . . . . . . . . . . . . . . 61 2.5 Cross section through the drift chambers . . . . . . . . . . . . . . . . 62 2.6 Schematic representation of radial chamber corresponding to one sector and layout of super-layer in Region 3 . . . . . . . . . . . . . . . . 63 2.7 The 3-dimensional structure of the Cherenkov counter in one of six sectors in CLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 2.8 Optical modules of the CLAS Cherenkov counter . . . . . . . . . . . 65 2.9 cross section of CLAS and the view of TOF counters in one sector . . 66

2.10 Expanded view of one of the six EC modules used in CLAS . . . . . . 67 2.11 Schematic side view of the fiber-optics readout unit for a single inner and outer stack of the calorimeter module . . . . . . . . . . . . . . . 68 2.12 The E6 target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 2.13 Schematic view of the scattering chamber, and the liquid deuterium target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 2.14 Trigger Level 2 efficiency as a function of electron momentum and polar scattering angle . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.1 Hit position versus drift time for Super-layer 5, Sector 4 . . . . . . . . 74 3.2 The field configuration inside Regions 2 and 3 . . . . . . . . . . . . . 75 3.3 Drift Chamber residuals plotted as a function of the calculated fit DOCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 3.4 DC residual resolutions plotted as a function of the run number . . . 77 3.5 Pulse height as a function of time-walk . . . . . . . . . . . . . . . . . 79 3.6 The time difference between the response of the left and right photomultipliers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 3.7 Energy deposited in scintillator as a function of particle momentum for an empty target . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 3.8 The RF offset plotted as a function of RF beam time . . . . . . . . . 84 3.9 The RF offset for Run no. 31935 . . . . . . . . . . . . . . . . . . . . 85 3.10 The mean and sigma of the RF offset distribution . . . . . . . . . . . 86 3.11 Schematic of EC/SC timing . . . . . . . . . . . . . . . . . . . . . . . 87 3.12 EC-SC time distribution for Run no. 31567 . . . . . . . . . . . . . . . 88 3.13 The sigma of EC timing plotted as a function of the run number each of CLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 3.14 The number of electrons normalized to the accumulated charge, plotted as a function of the file number . . . . . . . . . . . . . . . . . . . 90

3.15 The polar angle versus the azimuthal angle for scattered electrons from highly efficient CC regions in CLAS . . . . . . . . . . . . . . . . 93 3.16 The EC cut on the sampling fraction . . . . . . . . . . . . . . . . . . 96 3.17 The Cherenkov response using simulated and real data . . . . . . . . 98 3.18 The CC response to measured and simulated electrons overlapped with the simulated pion background . . . . . . . . . . . . . . . . . . . 99 3.19 Fit to measure π/e ratios after the CC cut . . . . . . . . . . . . . . . 100 3.20 Electron and positron histograms . . . . . . . . . . . . . . . . . . . . 101 3.21 The fit of the momentum dependence of the e^+/e^− ratio . . . . . . . 102 3.22 The reconstructed electron Z vertex distribution before and after corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 3.23 The electron vertex cut . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3.24 Time offsets for Paddle no. 40 in Sector 2 and Paddle no. 41 in Sector 1 before and after corrections . . . . . . . . . . . . . . . . . . . . . . 105 3.25 The proton time vertex plotted versus the scintillator mid plane coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 3.26 The proton time cut window for each sector in CLAS . . . . . . . . . 107 3.27 Proton vertex correction . . . . . . . . . . . . . . . . . . . . . . . . . 108 3.28 Proton vertex cut and re-scattering target . . . . . . . . . . . . . . . 109 3.29 Energy loss correction for recoil protons . . . . . . . . . . . . . . . . . 110 3.30 Uncorrected and corrected missing mass distributions for the exclusive d(e,e’p)n channel . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 3.31 Uncorrected and corrected missing mass distributions versus azimuthal electron scattering angle . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.32 Relative electron-proton timing at the target vertex . . . . . . . . . . 115

4.1 Missing mass distribution for d(e,e^′p)n reaction . . . . . . . . . . . . 117

4.2 The quasi-elastic signal and the inelastic background evolution with the missing mass cut . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 4.3 Missing mass distribution as a function of momentum of the scattered proton p_s for Q^2 = 2.5, 3.5, 4.5, and 5.5 GeV^2 . . . . . . . . . . . . . . 119 4.4 Missing-mass distribution as a function of proton scattering angle with respect to the direction of momentum transfer θ_{pq} for Q^2 = 2.5, 3.5, 4.5, and 5.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . 119 4.5 Missing mass spectra fitting procedure for Q^2 = 2.5 GeV^2 . . . . . . . 120 4.6 Same as in Fig. 4.5 except for Q^2 = 3.5 GeV^2 . . . . . . . . . . . . . 121 4.7 Same as in Fig. 4.5 except for Q^2 = 4.5 GeV^2 . . . . . . . . . . . . . 122 4.8 Cross sections plotted as a function of proton momentum extracted from the fitting procedure . . . . . . . . . . . . . . . . . . . . . . . . 125 4.9 Same as in Fig. 4.8 except for Q^2 = 3.5 and 4.5 GeV^2 . . . . . . . . . 125 4.10 Missing-mass spectra corresponding to 24 bins in θ_{pq}, and to Q^2 = 2.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 4.11 Same as in Fig. 4.10 except for Q^2 = 3.5 GeV^2 . . . . . . . . . . . . . 127 4.12 Same as in Fig. 4.10 except for Q^2 = 4.5 GeV^2 . . . . . . . . . . . . . 128 4.13 Cross sections versus proton scattering angle θ_{pq} extracted by using the fitting procedure for Q^2 = 2.5 GeV^2 . . . . . . . . . . . . . . . . . 129 4.14 Same as in Fig. 4.13 except for Q^2 = 3.5 and Q^2 = 4.5 GeV^2 . . . . . 129 4.15 Flow chart for acceptance calculations . . . . . . . . . . . . . . . . . 132 4.16 Electron time vertex versus TOF scintillator paddle number for real and simulated data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 4.17 Invariant mass W distributions for real and simulated data . . . . . . 135 4.18 Electron time vertex for real and simulated data . . . . . . . . . . . . 136 4.19 Kinematic regions covered by d(e,e^′) experiments . . . . . . . . . . . 137 4.20 SLAC data for the inclusive d(e,e^′) reaction . . . . . . . . . . . . . . 138

4.21 Experimental cross sections for the inclusive d(e,e^′) reaction from Jlab-Hall C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 4.22 Q^2 distributions for real and simulated data . . . . . . . . . . . . . . 141 4.23 Electron momentum p_{electron} distributions for real and for simulated data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 4.24 Distributions of electron scattering angle θ_{electron} for real and simulated data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 4.25 Distributions of electron azimuthal scattering angle ϕ_{electron} for real and simulated data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 4.26 Acceptances versus x . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 4.27 Efficiency obtained from GSIM simulations . . . . . . . . . . . . . . . 144 4.28 GSIM systematic errors δ_{GSIM} as a function of Q^2 . . . . . . . . . . . 145 4.29 Missing mass (MM) spectra obtained from real and simulated data . 147 4.30 Kinematics of the d(e,e^′p_s)n reaction . . . . . . . . . . . . . . . . . . 148 4.31 Proton polar angle versus azimuthal angle with respect to the momentum transfer direction for simulated and for real data . . . . . . . 149 4.32 Proton momentum p_s, momentum transfer Q^2 and Bjorken scaling variable x spectra for real and simulated data . . . . . . . . . . . . . 150 4.33 Proton polar θ_{pq} and azimuthal ϕ_{pq} scattering angles distributions for real and simulated data . . . . . . . . . . . . . . . . . . . . . . . . . . 150 4.34 Detection efficiency of d(e,e^′p_s)n events in CLAS within E6 fiducial cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 4.35 Spectator proton momentum for real data overlapped with several simulation models for Q^2 = 2.5 GeV^2 . . . . . . . . . . . . . . . . . . 152 4.36 Same as in Fig. 4.35, except for Q^2 = 3.5 GeV^2 . . . . . . . . . . . . 152 4.37 Same as in Fig. 4.35, except for Q^2 = 4.5 GeV^2 . . . . . . . . . . . . 153 4.38 Same as in Fig. 4.35, except for Q^2 = 5.5 GeV^2 . . . . . . . . . . . . 153 4.39 Proton acceptances extracted from simulations . . . . . . . . . . . . . 154

4.40 Distribution in electron azimuthal angle and proton azimuthal angle for real and simulated data . . . . . . . . . . . . . . . . . . . . . . . . 155 4.41 Vertex distribution for each sector of CLAS for scattered electrons along the beam direction . . . . . . . . . . . . . . . . . . . . . . . . . 158 4.42 Feynman diagrams for internal radiative processes . . . . . . . . . . . 162 4.43 Radiative correction factor N_{RC} for the inclusive d(e,e^′) reaction . . . 163 4.44 Definition of momenta and angles in the center-of-mass of the detected proton for the d(e,e^′p_s)n reaction . . . . . . . . . . . . . . . . . 165 4.45 Linear interpolation to compute probabilities to find a particle within given coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166 4.46 Dependence of the radiative corrections on ϕ_{pq} . . . . . . . . . . . . . 167 4.47 Radiative correction factor F_{rc} as a function of p_s . . . . . . . . . . . 168 4.48 The ratio of the unradiated to radiated cross sections . . . . . . . . . 169 4.49 The electron rejection factor due to the CC photo-electron cut plotted as a function of Q^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 4.50 The Q^2 dependence of the π^− contamination of the electron sample selected for this analysis . . . . . . . . . . . . . . . . . . . . . . . . . 172 4.51 Azimuthal angular distribution for d(e,e^′p_s)n events . . . . . . . . . . 176

5.1 Cross section ratios of^4He,^{12}C and^{56}Fe to^3He . . . . . . . . . . . . 180 5.2 Comparison between two parallel analyses . . . . . . . . . . . . . . . 181 5.3 Inclusive d(e,e^′) cross sections versus x for Q^2 = 1.75 − 2.9 GeV^2 and x = 0.7 − 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182 5.4 Same as in Fig. 5.3 except for Q^2 = 2.9 − 4.1 GeV^2 . . . . . . . . . . 183 5.5 Same as in Fig. 5.3 except for for Q^2 = 4.1 − 5.3 GeV^2 . . . . . . . . 184 5.6 Same as in Fig. 5.3 except for for Q^2 = 5.3 − 6.5 GeV^2 . . . . . . . . 185 5.7 Same as in Fig. 5.3 except for Q^2 = 6.5 − 6.95 GeV^2 . . . . . . . . . . 186

5.8 d(e,e^′p_s)n cross section within the fiducial CLAS acceptance versus spectator proton momentum p_s for Q^2 = 2.5, 3.5, 4.5, and 5.5 GeV^2 . 191 5.9 Same as in Fig. 5.8 except with cross sections versus θ_{pq} . . . . . . . . 192 5.10 Same as in Fig. 5.8 except with cross sections versus x . . . . . . . . 193 5.11 Differential d(e,e^′p_s)n cross sections within the fiducial CLAS acceptance versus θ_{pq} for p_s = 375, 625, and 875 MeV/c and Q^2 = 2.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 5.12 Same as in Fig. 5.11 except for Q^2 = 3.5 GeV^2 . . . . . . . . . . . . . 195 5.13 Same as in Fig. 5.11 except for Q^2 = 4.5 GeV^2 . . . . . . . . . . . . . 196 5.14 Same as in Fig. 5.11 except for Q^2 = 5.5 GeV^2 . . . . . . . . . . . . . 197 5.15 Differential cross sections for the exclusive d(e,e^′p_s)n reaction within the fiducial CLAS acceptance versus x for p_s = 375, 625, and 875 MeV/c and Q^2 = 2.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . 198 5.16 Same as in Fig. 5.15 except for Q^2 = 3.5 GeV^2 . . . . . . . . . . . . . 199 5.17 Same as in Fig. 5.15 except for Q^2 = 4.5 GeV^2 . . . . . . . . . . . . . 200 5.18 Same as in Fig. 5.15 except for Q^2 = 5.5 GeV^2 . . . . . . . . . . . . . 201 5.19 Differential d(e,e^′p_s)n cross sections within the fiducial CLAS acceptance versus p_s for x = 0.4 and Q^2 = 2.5 and 3.5 GeV^2 . . . . . . . . 202 5.20 Same as in Fig. 5.19 except with cross sections for x = 0.6 and Q^2 = 2.5, 3.5 and 4.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 5.21 Same as in Fig. 5.20 except with cross sections for x = 0.8 and Q^2 = 2.5, 3.5, 4.5 and 5.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . 204 5.22 Same as in Fig. 5.21 except with cross sections for x = 1.0 . . . . . . 205 5.23 Same as in Fig. 5.21 except with cross sections for x = 1.2 . . . . . . 206 5.24 Same as in Fig. 5.21 except with cross sections for x = 1.4 . . . . . . 207 5.25 Same as in Fig. 5.21 except with cross sections for x = 1.6 . . . . . . 208 5.26 Differential d(e,e^′p_s)n cross sections within the fiducial CLAS acceptance versus θ_{pq} for x = 0.4 and Q^2 = 2.5 and 3.5 GeV^2 . . . . . . . . 209

5.27 Same as in Fig. 5.26 except with cross sections for x = 0.6 and Q^2 = 2.5, 3.5, and 4.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 5.28 Same as in Fig. 5.27 except with cross sections for x = 0.8 and Q^2 = 2.5, 3.5, 4.5, and 5.5 GeV^2 . . . . . . . . . . . . . . . . . . . . . . . . 211 5.29 Same as in Fig. 5.28 except with cross sections for x = 1.0 . . . . . . 212 5.30 Same as in Fig. 5.28 except with cross sections for x = 1.2 . . . . . . 213 5.31 Same as in Fig. 5.28 except with cross sections for x = 1.4 . . . . . . 214 5.32 Same as in Fig. 5.28 except with cross sections for x = 1.6 . . . . . . 215 5.33 Ratio of the cross section corresponding to momentum p_s = 250−500 MeV/c to the cross section corresponding to momentum p_s = 500 − 900 MeV/c for x = 0.8 and Q^2 = 1 − 7 GeV^2 . . . . . . . . . . . . . . 218 5.34 Same as in Fig. 5.33 except for x = 1 and α = 1 . . . . . . . . . . . . 219 5.35 Same as in Fig. 5.33 except for x = 1.2 and α = 1.2 . . . . . . . . . . 220

A.1 N-fold re-scattering Feynman diagram . . . . . . . . . . . . . . . . . 223

ABSTRACT

I present an analysis of data from experiment E94-019 using the CEBAF Large Acceptance Spectrometer (CLAS) at the Thomas Jefferson National Accelerator Facility (TJNAF). The experiment ran in the spring of 2002 over the course of two months with 5.765 GeV unpolarized electron beam on a liquid deuterium target and collected a total of 4.5 × 10^9 triggers. These data cover a wide kinematic range from the quasielastic peak up to an invariant mass W ≈ 3 GeV of the final hadronic system for four-momentum transfer Q^2 from 1.5 to 6.0 GeV^2. Using CLAS we tagged spectator protons released in quasielastic scattering from high-momentum neutrons in deuterium at large emission angles with respect to the momentum transfer direction. Using these data one can test the physics of small-sized wavepacket expansion inside the nucleus. The absorption of a high-momentum virtual photon on a nucleon leads to the production of a small-sized wavepacket (due to the supression of long-range pion and gluon fields) which evolves rapidly in time until it reaches the nucleon size. We can investigate how such a wavepacket moves within a nucleus and how long-range fields are restored. This study could provide information about the quark-gluon degrees of freedom, internucleon forces in nuclei, and color coherents effects such as color screening (CS) and color transparency (CT). Color screening would allow a small-sized object to escape from the nucleus without further interaction. Measuring the evolution of FSIs with the momentum transfer Q^2 could reveal whether or not nuclear transparency may occur in quasielastic reactions such as d(e,e^′p)n. We computed the ratio of the experimental cross section for d(e,e^′p)n measured for kinematics dominated by rescattering effects to the cross section measured for the kinematics dominated by screening effects (suppression of FSIs). I present a study of the acceptance of CLAS for the inclusive d(e,e^′) reaction at high x and for the exclusive d(e,e^′p)n reaction in the quasielastic region. We have extracted absolute cross sections for the inclusive d(e,e^′) channel and they are presented in two-dimension kinematic bins with Q^2 = 1.7 − 6.7 GeV^2 and x = 0.7 − 1.9. By mapping these cross sections we can extract the probabilities of finding short range nucleon-nucleon correlation (SRC) state in nucleus. Absolute cross section for the exclusive d(e,e^′p)n channel are presented for spectator momenta p_s from 250 to 1000 MeV/c and four-momentum transfers Q^2 = 2−6 GeV^2. Experimental measurements suggest a strong contribution from meson exchange and Δ-isobar currents which dominate FSIs. This makes it difficult to observe color coherent effects. This picture is corroborated by new theoretical developments.

QUASI-ELASTIC ELECTRON SCATTERING FROM A HIGH-MOMENTUM NUCLEON IN DEUTERIUM

CHAPTER 1

Physics Overview

1.1 Introduction

“I often say that when you can measure what you are speaking about, and express it in numbers, you know something about it; but when you cannot measure it, when you cannot express it in numbers, your knowledge is of meager and unsatisfactory kind” William Thompson, 1st Baron Lord Kelvin

A little less than a century ago, a series of table-top experiments conducted by Rutherford changed the way we understand the structure of matter. It opened the door to smaller and smaller distances inside the matter. Figure 1.1 shows a flow chart with the building blocks of matter and corresponding sizes. The main building block, the atom, has a size of ≈ 10^{−10} m. Most of its mass is carried by the nuclear core which is about 10000 times smaller than the atom itself. A cloud of electrons surrounds the nucleus, giving the atom its size, and correspondingly anything made of atoms,. The nucleus consists of nucleons (neutrons and protons) with radii of ≈ 10^{−15} m. The number of positively charged protons is equal to the number of negatively charged electrons in atom. Neutrons are neutral particles, thus the atom is electrically neutral. A natural question arises: How do all protons (with positive charge) stay together inside the nucleus without flying apart? The nuclear

FIG. 1.1: Flow chart with the building blocks of matter and corresponding sizes.

strong force is responsible for binding the nucleons together inside the nucleus. The strong force inside the nucleus can be described by the well potential as shown in Figure 1.2. The force on the nucleon is ⃗F = 0 inside the well. The force at the surface is very large thus, the particle is kicked back being trapped inside the well. Quantum Mechanics and the Uncertainty Principle allow though a particle to “tunnel” through the potential barrier and escape (i.e. positively charged α particles). By studying the rate of such emissions and its associated energy spectra from different large nuclei we can obtain the shape of the force field these particles have to travel through. The strong potential is roughly constant inside the nucleus, while the electrical Coulomb potential increases with the number of protons in the nucleus, eventually leading to unstable heavy nuclei. The strong force between

FIG. 1.2: Well potential. It describes the strong force inside the nucleus.

nucleons has a short range, commensurate with the nucleon size, while the electrical repulsion obeys a^1_{r2} force law. During early attempts to understand how the strong force binds the nucleons it was hypothesized that the proton and the neutron are exchanging some particle (which today is called pion) between them. The theoretical prediction of Yukawa (1935) [1] and the experimental discovery (1947) [2] of the pion led to the discovery of many more strongly interacting particles (such as Δ^{++},K^+). The simple pion-exchange mechanism which only accounts for the long-range part of the interaction was not able to explain the strong interaction between nucleons and all the newly discovered particles.

Experiments carried at SLAC (1968) [3] proved the existence of internal spin^1_2 constituents, the quarks. Today we know that the pion is a composite particle made up of quarks, as are the proton and the neutron, and that the strong force describes the interaction between these quarks. Quarks interacts by exchanging strong force carriers called gluons. The theory that describes strong interactions between quarks and gluons is called Quantum Chromodynamics (QCD). The strong interaction is responsible for binding quarks together into baryons and mesons (three and two quark states, respectively), and also for binding the nucleons together into a nucleus. In order to respect Pauli’s exclusion principle which states that no two particles

FIG. 1.3: Schematic picture of a nucleus. Single nucleons primarily moving in an average field (SP) and short-ranged nucleon-nucleon correlations (SRC).

with half-integer spin can share the same quantum state, a “color” degree of freedom was introduced (characterized by a quantum number called color charge) to label the quarks. The color degrees of freedom are labeled red (R), blue (B) and green (G) in analogy with the visible light. Each nucleon is composed of three quarks of different color such that the nucleon (and any particle) is a color neutral object. Just as the combination of RBG produces white light, 3 quarks of 3 colors produces a color neutral object. This is a characteristic of strong force analog to the atom being charge neutral. Color neutrality of all particles found in Nature and color confinement of quarks (no free quarks) are the foundations of QCD. An important feature of QCD theory is that the “up” quark (abbreviated as u) and the “down” quark (abbreviated d) are nearly massless particles (≈ 5 MeV). In this limit the chiral symmetry (left-right symmetry) is spontaneously broken in the ground state of QCD. The proton electromagnetic radius is ∼ 0.86 fm (1 fm= 10^{−15} m), and the average distance between nearby nucleons (center-to-center) is ∼ 1.7 fm. Thus, under normal conditions nucleons are closely packed and nearly overlap as they move in an average field created by all the other nucleons. The nucleus is a quantum system and its wave functions contains components with nucleons separated center-to-center by 1 fm or less. In these configurations there is a significant region of overlap of the two nucleons, in which short range correlations (SRC) are dominant. These highdensity fluctuations may modify the configuration of the underlying quarks inside the nucleons. In these regions the physics of confinement, which defines the limit of QCD, may no longer be aplicable and the chiral symmetry may be (partially) restored.

A few questions are worth emphasizing here: What happens during the brief intervals when two or more nucleons overlap in space? Can we account for the interactions using meson exchanges, or do we instead need to consider explicitly quark aspects such as quark exchanges between nucleons and mixing of nucleon constituents into six- or nine-quark bags? At high densities, can we detect the presence of superfast quarks?

Color degree of freedom is another avenue to test QCD as the underlying theory of the strong interaction. The availability of high-energy beams provides the opportunity to observe features of nuclear structure at small-distance scales such as color-singlet fluctuations of a hadron into an object with small spatial extent, namely, point-like configurations (PLC), which evolves with time. These configurations are possible due to the suppression of long-range pion and gluon fields when

FIG. 1.4: Schematic picture of hard quasi-elastic electron scattering from a deuterium target. The high momentum virtual photon could probe point-like constituents (PLCs) - nucleonic states in which the long-range soft pion and gluon fields are suppressed.

the 3 valence quarks are close to each other. Figure 1.4 shows schematically how a high-momentum transfer virtual photon can probe a PLC inside the nucleus (in this case the deuterium). Since the cross section is proportional with the transverse size of the PLC it means that its cross section will be reduced. If the PLC is still small after propagating about 1.5 fm through the nuclear matter, the final state interactions are suppressed. The result is that significant color coherent effects, which can either enhance or suppress computed cross sections, are predicted [23] to occur for momentum transfer Q^2 = 4 − 10 GeV^2. The phenomenon of color transparency means that for a short period of time a nucleon can be viewed as a PLC. In this configuration, the nucleon can tunnel through the nuclear matter with reduced interactions.

These subjects (dense nuclear matter, superfast quarks and color coherence) could expand our understanding of exotic phenomena in nuclei. Studies of the local high-density fluctuations are important for understanding the equation of state of cold, dense matter which is crucial to untangle the problem of the phase transition of neutron stars to “quark stars”, whose experimental existence was suggested in Ref. [4]. Color transparency could provide a mechanism for a phase transition to a new form of matter in a sufficiently dense nuclear system, such as in the core of neutron star. In QCD, transitions to new phases of matter are possible in different regimes of density and temperature.

Such studies are therefore of great interest for understanding important issues of QCD, such as the existence of chiral restoration and deconfinement, the onset of quark-gluon degrees of freedom and the structure of the phase transition from hadronic to quark-gluon states of matter.

1.2 Lepton-Hadron Scattering Formalism

Lepton scattering is one of the main tools for studying the internal structure of the nucleus. Quantum Electrodynamics (QED) describes well the electromagnetic interaction between an electron and a hadron target, with an exchange of a virtual photon. In order to observe the internal structure of a hadron, a probe with a wave length smaller than the size of a hadron constituent needs to be used. Since the wave length is inversely proportional to the energy, a higher energy probe will allow us to identify smaller hadron constituents. The virtual photon exchanged in hard reactions between the incident lepton and a hadron constituent inside the nucleus is an excellent probe for studying nuclear structure. The energy and momentum transfers of the virtual photon (which are the energy and momentum of the scattered electron) are setting the resolution of this “microscope”. At low energy transfer the electron scatters elastically from the nucleus as a whole leaving it in its ground state or in an excited nuclear state. At higher energy and momentum transfers, scattering is dominated by quasi-elastic (QE) processes, where the photon interacts with a single nucleon (proton or neutron). With increasing energy and momentum transfer, the exchanged virtual photon probes the quark degrees of freedom in the nucleon. At high enough energy and momentum transfer, the interaction can be approximated well by the elastic scattering from a “free” quark.

1.2.1 Elastic Electron-Proton Scattering

Elastic electron-nucleon scattering is dominated by single photon exchange. The proton is an extended structure and cannot be considered as a point-like particle. We need to find the “wavefunctions” that describe a proton in terms of its constituents quarks and gluons. The Feynman diagram for elastic electron-proton scattering is shown in Figure 1.5. The incident electron has the four-momentum k(E, ⃗k) with the incident energy E = E_{beam} and the scattered electron has fourmomentum k^′(E^′, ⃗k^′) with emerging energy E^′ . The proton target has the fourmomentum p(E_p, ⃗p) with the energy E_p and the knocked-out proton has fourmomentum p^′(E^′_p, ⃗p^′) with the energy E^′_p. A virtual photon with four-momentum q(ν, ⃗q) is exchanged between the incident electron and the proton target with the energy ν = E − E^′. The scattering amplitude for this process can be written as a product of current densities for the electron and the proton, and the photon propagator:

M_γ = j^μ_l 1 Q^2 j^h_μ , (1.1) where j^μ_l is the current density of the incident lepton (electron or muon), j^h_μ is the current density of the nucleon target, and Q^2 = −q^2 = 4EE^′ sin(θ/2) is the Lorentz invariant square of the four-vector momentum transfer. The electron current density can be expressed in terms of Dirac spinors (u and ū), γ-matrices and the electron

FIG. 1.5: Feynmann diagram for elastic electron-proton scattering.

charge (e) as:

j^μ = −eūγ^μu (1.2) Since the proton is not a point-like particle, we can describe the hadronic current density as a general Lorentz covariant quantity that satisfies parity, time-reversal invariance and current conservation, all of which are obeyed by the electromagnetic interaction: j_μ = eū [ F_1(Q^2)γ^μ + κ 2M_p F_2(Q^2)iσ^{μν} q_ν ] u, (1.3) where the “form factors” F_1 and F_2 depend only on Q^2, M_p is the proton mass, and κ = 1.79 is the anomalous magnetic moment of the struck nucleon. F_1 and F_2 are experimentally measurable quantities that describe the deviation from pointlike scattering and characterize the structure of the proton. Proton structure is determined primarily by strong-force interactions between its constituents. The

scattering of a unpolarized “spinless” lepton from a “spinless” and infinitely heavy

point-like target particle is expressed by the differential Rutherford cross section: ( dσ dΩ ) Rutherford = 4(Ze)^2α_{EM} E^{′2} Q^4 = (Ze)^2α_{EM} 4E^2 sin^4 (θ_{el}/2)

, (1.4)

where α_{EM} =^1_{137} is the fine structure constant of electromagnetic interaction and

Ze is the electric charge of the point-like hadronic target. For electron scattering

we introduce a factor ( 1 − β^2 sin^{2 θ}_2 ) due to the spin of the electron and a factor^{E′}_E

due to the recoiling of nucleus. Here β =^{vel}_c and c is the speed of light. In the limit

β → 1 the differential cross-section becomes the Mott cross-section: ( dσ dΩ ) Mott = E^′ E · cos^2 θ_{el} 2 · ( dσ dΩ ) Rutherford (1.5)

We need to take into consideration not only the interaction of the electron with the

nuclear charge, but also we have to consider the interaction between the current of

the electron and the nucleon’s magnetic moment. Thus, the magnetic interaction

introduces a factor sin^{2 θ}_2 into the interaction and we obtain for the cross section of

a charged, spin 1/2 particle with a point-like target: dσ dΩ = ( dσ dΩ ) Mott · [ 1 + Q^2 2M^2_P tan^2 θ_{el} 2 ] . (1.6)

Introducing the nucleon structure functions F_1 and F_2 the total differential cross

section can be expressed as: dσ dΩ = ( dσ dΩ ) Mott ([ F^2_1 + κQ^2 4M^2_p

F^2_2 ] + Q^2 2M^2_p

[F_1 + kF_2]^2 tan^2 θ_{el} 2 ) (1.7)

A linear combination of F_1 and F_2 leads to a more convenient expression of the

above equation so called the Rosenbluth formula: dσ dΩ = σ_{Mott} ([ G^2_E (Q^2) + G^2_M (Q^2) 1 + τ ] + 2τG^2_M (Q^2) tan^2 θ_{el} 2 ) , (1.8) where G_E = F_1 − τκF_2 and G_M = F_1 + κF_2 are the Sachs electric and magnetic form factors., and τ = Q^2/4M^2_p . The measured Q^2-dependence of the Sachs form factors gives information about the radial charge and magnetic moments. In the limit Q^2 → 0 the Sachs form factors are the Fourier transform of the charge and magnetic moment distributions within the nucleon [5], and

lim_{Q2→0} G_E = 1, lim_{Q2→0} G_M = 1 + κ = μ_p, (1.9)

where the magnetic moment of the proton is defined as μ_p = eℏ/2M_P = 2.7929μ_N , with μ_N = 3.1525 × 10^{−14} MeV·T^{−1} the nuclear magnetic moment. At Q^2 = 0 the Sachs form factors for proton and neutron take the values:

G^p_E = 1, G^p_M = 2.79μ_N ,

G^n_E = 0, G^n_M = −1.91μ_N (1.10)

At low momentum transfer , the slope of G^p_{E,M} gives us the mean square charge and magnetic radii, ⟨r^2, ⟩^{p,n}_{E,M} , of the proton: ⟨r^2⟩^{p,n}_{E,M} = 6 · lim_{Q2→0} dG^{p,n}_{E,M} (Q^2) dQ^2 (1.11)

The charge and magnetic radii of the proton are both ≈ 0.81 fm [5], which corresponds to an energy scale of about 200 MeV, comparable to its mass. In order to independently determine G^p_E (Q^2) and G^p_M (Q^2) the cross-sections must be measured at fixed values of Q^2, for various scattering angles θ and different beam energies E.

1.2.2 Inelastic Electron-Proton Scattering

With sufficient energy transfer inelastic scattering becomes possible and the nucleon is excited into a resonant state or into the continuum. As in the elastic case, single photon exchange is the dominant mechanism. The current density given by Eq. 1.3 cannot be expressed anymore in terms of Dirac spinors since the proton is a composite object made up of quarks and gluons. The inelastic cross section is generalized to: dσ ∼ L^e_{μν} W^{μν} , (1.12) where L_{μν} represents the symmetric lepton tensor which describes the emission of the virtual photon, and W^{μν} is the hadronic tensor which describes the absorption of the virtual photon by the nucleon. The leptonic tensor can be written as a sum of symmetric and antisymmetric parts: L^e_{μν} = ∑ spins |ūγ^μu||ūγ^ν u| = 1 2 T r ((k^′ + m)γ^μ(k + m)γ^ν ) , (1.13)

where m is the electron mass. The most general hadronic tensor W^{μν} can be written as: W_{μν} = −W_1g^{μν} +

W_2 M^2_p p^μp^ν +

W_4 M^2_p q^μq^ν +

W_5 M^2_p

(p^μq^ν + q^μp^ν ), (1.14) in which g^{μν} = (1, −1, −1, −1) is the metric tensor. Eq. 1.16 can be further simplified due to current conservation q_μW^{μν} = 0. The inclusive differential electron-proton cross section (ep → eX), in the laboratory frame (target rest frame) becomes: | | | d^2σ dE^′dΩ | | |_{lab} = α^2 4E^2 sin^{4 θ}_2 [ W_2(ν, Q^2) cos^2 θ 2 + 2W_1(ν, Q^2) sin^2 θ 2 ]

= ( dσ dΩ ) Mott [ 2W_1 tan^2 θ 2 + W_2 ] (1.15) In the case of elastic scattering, the energy transfer ν and the four-momentum transfer Q^2 are related by the expression ν = Q^2/2M_p. In inelastic scattering these variables become independent. From conservation of energy and momentum at the hadron vertex (see Figure 1.5):

W = p + q, W^2 = p^2 + 2p · q + q^2 (1.16) Here W is the invariant mass of the hadronic system. In the lab frame p · q = M_pν and the invariant mass squared can be written as W^2 = M_p +2M_pν−Q^2 and depends on two independent scalar variables, Q^2 and ν. Structure functions are measurable quantities that describe the photon-nucleon interaction. For values of Q^2 < 1 GeV^2 they are dependent on both ν and Q^2. At high momentum transfer, when the virtual

FIG. 1.6: Deep inelastic e-p scattering in the parton model.

photon probes the nucleon constituents (quarks), it is more convenient to express them as functions of x =^{p·q}_{p·k} , the so called Bjorken scaling variable. In the limits Q^2 → ∞ and ν → ∞, with x fixed, the structure functions W_1 and W_2 scale as:

M_pW_1(ν, Q^2) → F_1(x), (1.17)

νW_2(ν, Q^2) → F_2(x). (1.18) Data from SLAC [3] support the scaling behavior in which x becomes the fraction of the nucleon momentum carried by the struck quark. The scattering process in the deep-inelastic region can be visualized as in Figure 1.6. The virtual photon is absorbed by a quark which carries a fraction x of the momentum of the proton. In this picture the struck quark i has momentum p_i = xp and a mass m_i ≈ xM before absorbing the virtual photon, where p is the four-momentum of the proton and M_p is the nucleon mass. Because the quarks are point-like particles of spin^1_2 , the electron-muon formalism could be applied here. The differential cross-section for elastic scattering of an electron by a quark of flavor i becomes [6]:

d^2σ_i dΩdE^′ = 4α^2E^{′2} Q^4 [ e^2_i cos^2 ( θ 2 ) + e^2_i

Q^2 2m^2_i sin^2 ( θ 2 )] δ ( ν − Q^2 2m_i ) . (1.19)

in which e_i is the fraction of electron charge carried by the quark of flavor i. Com-

paring the above expression with Eq. 1.17, and using the m_i = xM, we obtain:

W^i_1 = e^2_i

Q^2 4M^2_p x^2 δ ( ν − Q^2 2Mx ) , W^i_2 = e^2_i δ ( ν − Q^2 2Mx ) . (1.20)

With the probability that a parton of flavor i has momentum fraction x, and con-

sidering that the contributions of individual quarks to the inelastic e-p differential

cross section add incoherently, we obtain:

M_pW_1(ν, Q^2) = ∑ i e^2_i 2 f_i(x) ≡ F_1(x), (1.21)

νW_2(ν, Q^2) = ∑ i e^2_i xf_i(x) ≡ F_2(x), (1.22)

where f_i(x) is the probability that a quark of flavor i has momentum fraction x. As a

result we obtain the Callan-Gross relation 2xF_1(x) = F_2(x), which is a consequence

of quarks having spin 1/2 and basically states that in order for a photon to be

absorbed by a parton (quark) with momentum fraction x, it must have the right

values of Q^2 and ν such that x = x_{Bjorken} =^{Q2}_{2Mν} , which is in fact the elastic

electron-quark scattering constraint. This explains the observed scaling behavior in

the deep-inelastic scattering regime, and proves the existence of point-like spin 1/2

constituents inside of nucleon. QCD, however violates this scaling law.

1.3 d(e,e^′N)N Exclusive Reactions Formalism

One of the primary goals, in the study of d(e,e’N)N exclusive reactions, is the

determination of the high momentum component of the deuteron wave function,

which is believed to be dominated by short-range nucleonic correlations (SRC). The precise description of the coupling between the electron and the virtual photon, using QED, and the exclusivity of this reaction allows us to obtain a deeper understanding of the dynamics of the reaction as well as to gain information about the microscopic structure of SRCs. The combination of three factors: high energy, high momentum transfer and exclusiveness could lead to nuclear color transparency (CT), in which point-like quark configurations could pass nearly undisturbed through the nuclear medium. During the last decade a dozen experiments were dedicated to semi-exclusive nuclear reactions at large momentum transfer (> few GeV/c), in the quest for nuclear color transparency [7] [8] [9] [10] [11]. Theoretical descriptions of semi-exclusive reactions have been successful in medium-energy nuclear physics [12] and lately they have been applied to hadronic interactions with large transferred energy and momentum. The main challenge for theoretical descriptions consists of describing the strong re-interaction of final-state hadrons in nuclear matter, which seem to be the dominant feature of these reactions. For small energies of produced hadrons (E_N < 1 GeV) final state interactions (FSIs) in semi-exclusive reactions are usually evaluated in terms of an effective potential for the interaction in the residual system using the optical model [13]. For large energies the description of FSIs becomes more complicated due to the increasing number of partial waves with energy, and due to the predominantly inelastic nucleon-nucleon (NN) interactions for E_N > 1 GeV. Final state interactions in hadron-induced nuclear reactions at higher energies (1 < E_N < 4 GeV) were often described within the Glauber approximation [14]. The formalism for calculating cross sections for semi-exclusive processes (e.g. the exclusive d(e,e^′p)n reaction) was developed by Glauber based on the assumption that the interactions of the incident particle (electron, π) with the nucleons (protons or neutrons) inside nuclei could be individually treated by the general methods of diffraction theory. The nucleons were considered frozen in their instantaneous positions during the incident particle’s passage through nuclear matter. The interactions of incident particles were assumed to be described by twobody forces and as a consequence the total phase change of the emerging wave was approximated by the sum of the phase changes produced by the individual nucleons. This approximation works well for stationary scatterers but it cannot be applied to the class of eA reactions in which bound nucleon momenta and excitation energies of the residual nuclei are large enough such that short-range multi-nucleon correlations are dominant in the nuclear wave function [15].

FIG. 1.7: First order Feynman diagram for the lepton-nucleus interaction.

1.3.1 Features of Exclusive Electronuclear Reactions

The general type of these reactions can be diagrammatically represented as in Figure 1.7. A large momentum q ≡ (ν, −→q ) is transferred to the nucleus and the observed final hadronic state carries almost the entire momentum of the virtual photon (fast hadrons with momentum p_f ≈ q), while the residual hadrons (spectator hadrons with momentum p_s) carry a relatively low momentum < 1 GeV/c. The general kinematic requirements are: Q^2 > 1 GeV^2, p_f ≈ q, p_f ≫ p_m p_s < 1 GeV/c, E_f ≫ E_m = E_f − ν, (1.23) where p_m = p_f − q is the missing momentum of the reaction, E_f = √ M^2 + p^2_f and E_m is the missing energy characterizing the excitation of the residual nuclear system, and M is the mass of the nucleon. We can construct light-cone momenta as: p_± = p_0 ± p_z (1.24) where the z axis is chosen along the direction of the virtual photon momentum q. For the kinematic constraints in Eq. 1.23: q_− q_+ ≈ mx 2q ≪ 1, p_{f−} p_{f+} ≈ m^2 4p^2_f

≪ 1, (1.25)

where x is the Bjorken scaling variable mentioned earlier. These small parameters are one of the important features of high-energy scattering as compared to the lowintermediate energy reactions, as will be shown later in the text. Four main processes contribute to semi-exclusive electronuclear reactions in which at least one energetic nucleon is observed in the final state, as shown in the Fig. 1.8. Fig. 1.8 (a) shows the impulse approximation (IA) amplitude, in which the virtual photon knocks out a bound nucleon which propagates without further interactions. Fig. 1.8 (b) shows the FSI amplitude, in which the knocked-out nucleon re-interacts with the residual hadronic system. Fig. 1.8 (c) shows the amplitude due to meson exchange currents (MEC), in which the virtual photon interacts with the mesons exchanged between two nucleons in the nucleus. Fig. 1.8 (d) shows the isobar current amplitude (IC), in which the virtual photon produces a Δ-isobar that re-interacts with the residual nuclear system producing a nucleon in the final state.

FIG. 1.8: Diagrams for the A(e,e^′N) reaction in the impulse approximation (a), with final state interactions (b), with meson exchange currents (c), and with Δ-isobar (d) contributions to the scattering amplitude.

For the kinematics of large missing momentum p_m and missing energy E_m, and small Q^2(≪ 1 GeV^2) the FSI, MEC and IC diagrams dominate the cross-section. While at large p_m and E_m the IA amplitude is defined by the nuclear wave function at short inter-nucleon distances, the FSI, MEC and IC amplitudes are defined by the nuclear wave function of average configurations [15]. As shown in Figure 1.9, in semi-exclusive A(e,e’N) reactions, for small Q^2(< 1 GeV^2), only x =^{Q2}_{2mν} < 1 is appropriate for detection of large p_{mz} ⩾ 300 MeV/c. At small Q^2 FSIs are dominated by S-wave scattering and have broad angular distribution, making it difficult to isolate or suppress them with respect to the impulse approximation amplitude. Therefore, it is impossible to probe small time-space intervals in the nucleus using probes of larger size (1/q ⩾ 1 fm). Measurements [16] of MEC and IC contributions to the d(e,e’p)n cross section at large missing momenta and low Q^2 are shown in Figure 1.10. In the kinematic region of these experiments theoretical calculations [12] show that for large p_m (> 300MeV/c), MEC and IC (see Fig. 1.10 full curve) dominate the PWIA (see Fig. 1.10 dashed curve) contribution. For large energy and momentum transfers the wavelength of the probe becomes much smaller

FIG. 1.9: The z component of the missing momentum p_{mz} as a function of x, for different values of Q^2 (Q^2 = 0.5, 1, 2, 3, 4, 5 GeV^2), for quasi-elastic A(e,e^′N) reaction at large missing momenta and low Q^2, in the impulse approximation.

than the sizes of the interacting particles, and we can see more clearly inside the nucleus. Quantitatively, with increasing energies, the small parameters given in Eq. 1.23, become available and they play an important role in the calculations of these reactions. In the following section I will discuss the basic features of all four amplitudes in Figure 1.8 at large values of Q^2.

1.3.2 Plane Wave Impulse Approximation

The impulse approximation diagram for electro-disintegration of the deuteron is shown in Figure 1.11 (a). We consider the reaction e + d → e^′ + p + n in which the recoiling nucleon has momentum p_s < 1 GeV/c and the virtual photon is exchanged with a bound (off-shell) nucleon with Fermi momentum −p_s. A description of the electromagnetic interaction with off-shell nucleons [15] presents many uncertainties

FIG. 1.10: The p_m dependence of the differential cross sections of d(e,e^′N) reaction for Q^2 = 0.13 − 0.33 GeV^2. The data are from Ref. [16]. Solid and dashed curves correspond to theoretical calculations [12] with and without MEC and IC, respectively.

due to the absence of a self-consistent theory of the strong interaction that describes the binding of the nucleon. In the case of low energy transfer the off-shell effects are characterized by the modifications of the nucleons properties due to the in-medium nuclear potential [17]. At high energy transfer the virtual photon interacts with nucleons in a rather large phase volume, thus the off-shell effects are mostly related to the non-nucleon degrees of freedom [15]. The covariant Feynman amplitude corresponding to the diagram of Fig. 1.11 (a) can be written as [18]:

A^μ_0 = − ū(p_s)ū(p_f )Γ^μ_γ∗_N [p̂_D − p̂_s + m] Γ_{DNN} (p_D − p_s)^2 − m^2 + iϵ

, (1.26)

FIG. 1.11: Diagrams for the e + d → e’ + p + n reaction. (a) the PWIA contribution, (b) the single re-scattering contribution.

in which p̂ ≡ p_ν γ^ν , μ are the indices corresponding to the light cone components (+ and −) of the electromagnetic current , Γ_{DNN} represents the covariant D → NN transition vertex and Γ^μ_γ∗_N is the covariant electromagnetic vertex of the γ^∗N_{bound} → N transition. The spin indices of the deuteron are suppressed for simplicity. Both Γ_{DNN} and Γ^μ_γ∗_N are covariant vertices, and in the time-ordered expansion they contain both the impulse approximation and vacuum fluctuation diagrams (e.g. Γ_{DNN} may represent N̄D → N and Γ^μ_γ∗_N may represent γ^∗ → N̄N). For the “μ = −” component of the electromagnetic current the vacuum component of the D → NN vertex is negligible if one uses the reference frame in which the target (deuteron) has a very large (^{q−}_{q+} ≪ 1) momentum, called the infinite momentum frame [19]. In this case, for the “−” component, the amplitude of γ^∗ → NN̄ with subsequent N̄d → N is strongly suppressed, and only the contribution in which γ^∗ interacts with the bound nucleon survives. In the case of other components of electromagnetic currents this is not true. In general a complete description of the off-shell nucleon currents requires the negative energy state contribution with additional invariant form-factors as compared to the on-shell nucleon [20]. The off-shell part of the “−” IA amplitude decreases with increasing transferred energy.

Thus, in the high energy limit one can identify the “good” component (“−”) of the electromagnetic current which is insensitive to the off-shellness of the bound nucleon spinor [18]. We introduce the electromagnetic current for a bound nucleon as:

j^μ = ū(p_f )Γ^μ_γ∗_N u(p_D − p_s). (1.27)

This current still has an ambiguity related to the off-shellness of the bound nucleon. However this effect is rather small for the kinematics of Eq. 1.23. Using the approximation p̂_D − p̂_s + m ≈ ∑ λ u_λ(p_D − p_s)ū_λ(p_D − p_s) and inserting j^μ into Eq. 1.26, we obtain for the scattering amplitude:

A^μ_0 = j^μū(p_s)ū(p_D − p_s)Γ_{DNN} (p_D − p_s)^2 − m^2 + iϵ

(1.28)

Since we neglect negative energy contributions we can express the D −→ NN vertex using the non-relativistic deuteron wave function [21, 22]:

ψ_D(p_s) = ū(p_s)ū(p_D − p_s)Γ_{DNN} [m^2 − (p_D − p_s)^2] √ (2π)^32m

(1.29)

Inserting Eq. 1.29 into Eq. 1.28 for the scattering amplitude within IA we obtain:

A^μ_0 = √ (2π)^32E_sψ_D(p_s)j^μ(p_s, q). (1.30)

1.3.3 Single Re-scattering Amplitude

Figure 1.11 (b) represents the single re-scattering amplitude. Using the Feynman rules (see Appendix A) and the kinematic restrictions mentioned earlier in the section we can express this amplitude as [18]:

A^μ_1 = −

(2π)^23 √ 2E_s 4i ∫ d^2k_t (2π)^2 f_{pn}(k_t) · j^μ_γ∗_N (p_D − p̃_s + q, p_D − p̃_s) · [ψ_D(p̃_s) − iψ^′_D(p̃_s)], (1.31) where k_t = p^′_{s⊥} − p_{s⊥} is the transverse component of the momentum transferred during NN re-scattering, p̃_s(p̃_{sz}, p̃_{s⊥}) ≡ p̃_s(p_{sz} − Δ, p_{s⊥} − k_⊥), ψ_D is the deuteron wave function defined in Eq. B1, and ψ^′_D is defined in Eq. B7 (see Appendix B). The scattering amplitude f_{pn}(k_t), which enters with ψ_D, and f^′_{pn}(k_t) which enters with ψ^′_D, are generally different, since in the later case f^′_{pn}(k_t) corresponds to the off-shell amplitude. The off-shell contribution from ψ^′_D is small and the off-shell effects in f_{pn}(k_t) can be neglected. Using the Fourier transform of the deuteron wave function:

ψ_D(p) = 1 (2π)^2 ∫ d^3rϕ_D(r)e^{−ipr}, (1.32) and the coordinate space representation of the nucleon propagator: 1 [p^′_{sz} − p_{sz} + Δ + iϵ] = −i ∫ dz^0Θ(z^0)e^{i(p′sz −psz+Δ)z0} , (1.33)

one can obtain a formula for the re-scattering amplitude which can be reduced to the Glauber approximation (GA) in the limit of zero longitudinal momentum transfer Δ as follows [18]:

A^μ_1 = −j^μ(p_s + q, p_s) √ 2E_s 2i ∫ d^3rψ(r)θ(−z)Γ^{pn}(Δ, −z, −b)e^{ips r}, (1.34) where ⃗r = ⃗r_p − ⃗r_n and the generalized profile function Γ^{pn} is defined as [18]: Γ^{pn}(Δ, z, b) = 1 2i e^{−iΔz} ∫ f^{pn}(k_t)e^{−ik⊥b} d^2k_⊥ (2π)^2

. (1.35)

Glauber theory was derived [14] in the approximation of stationary nucleons, i.e. for zero momentum of spectator nucleons in the target. The dependence of the profile function Γ^{pn} on the longitudinal momentum transfer Δ originates from the non-zero momentum of the recoiling nucleon, p_s. In conclusion, in the limit of single re-scattering, the generalization of GA, so called generalized eikonal approximation (GEA), requires the addition of a phase factor e^{iΔz} in the Glauber profile function Γ^{pn}(Δ, z, b) [23] which accounts for the geometry of high-energy processes related to the longitudinal momentum transfer in the rescattering. This factor arises from excitations in the residual nuclear system. This result is analogous to the account of finite coherence length effects in the diffractive vector meson photoproduction from nuclei in the eikonal approximation [24]. In this case GEA reflects final longitudinal distances (≤ R_A - nuclear radius) for photoproduction processes at intermediate energies.

1.3.4 Final State Interactions

When a fast nucleon propagates through the nuclear medium it reinteracts with the residual hadronic system and as a result some information about the preexisting momentum distribution of the bound (off-shell) nucleons is lost. Due to FSIs the reconstructed recoil momentum does not coincide with the actual momentum of the bound nucleon in the nucleus. Thus FSIs hinder the extraction of reliable information not only on nuclear structure, but also on fundamental hadronic properties in the medium. With increasing energy the soft (small angle) NN interaction is simplified in several ways. As seen in Figure 1.12 both pp and pn total cross sections become nearly energy-independent at lab momenta greater than a few GeV/c. This simplifies the description of FSIs because at small scattering angles the NN scattering amplitude is proportional to σ^{total}_{NN} , and is predominantly imaginary, which will conserve the helicity of the interacting particles. Another consequence of high energies is the onset of a new (approximate) conservation law in which the light-cone variable α_i =^{pi−}_m , i = 1, 2, of the bound nucleon is conserved, and p_− = p_0 − p_z. The uniqueness of high-energy rescattering lies in the fact that although both energy and momentum of the bound nucleon are distorted due to re-scattering, the combination p_0 − p_z is not. This can be seen from Figure 1.13, where α was calculated [18] as a function of the scattered nucleon momentum. The smaller the transferred momentum during re-scattering, the better the accuracy of the conservation law. Since the α distribution of bound nucleons is largely preserved, even in the pres-

FIG. 1.12: Proton-proton and proton-neutron total cross sections as a function of the incoming momentum in the laboratory frame. Data is from Ref. [25].

ence of FSIs, we can effectively investigate the short-range properties of nuclei in semi-exclusive reactions. At electron scatterin small angles the momentum transfer is practically transverse and the NN scattering amplitude can be parameterized as f_{NN} ≈ isσ_{tot}e^{− β}2^{p2⊥} , in which β is a slope parameter related to the angular distribution of NN scattering at forward angles and p_⊥ is the transverse component of the nucleon momentum. And one last feature of high momentum transfer exclusive reactions is summarized in the so called Reduction Theorem which basically states that high energy particles propagating in the nuclear medium cannot interact with the same bound nucleon a second time. As a consequence of this theorem, in the limits where the virtuality of a bound nucleon (which is interacting with the propagating, energetic nucleon) can be neglected, the sum of the interaction amplitudes for a given nucleon can be replaced by the invariant phenomenological NN scattering amplitude f_{NN} (see Figure 1.14), which can be extracted from the

FIG. 1.13: Conservation of α =^{pi−}_m , i = 1, 2 as a function of the propagating nucleon momentum, k_1, at different values of average momentum transfer ⟨k^2_t ⟩ [18].

NN scattering data [23]. This is the basic ingredient of the generalized eikonal approximation (GEA). The major difference from the conventional semi-classical approach (Glauber approximation) is that the GEA does not require the spectator nucleons to be stationary scatterers [14]. Using the reduction theorem a new set of Feynman diagram rules were derived for the scattering amplitude of a knocked-out nucleon undergoing n scatters off the (A - 1) residual system [15]. According to these rules (see Appendix C) the n-fold rescattering amplitude can be represented by n vertex amplitudes in which each vertex corresponds to one NN scattering. The NN scattering amplitude could be written as:

f^{NN} = σ^{NN}_{tot} (i + α)e^{− β2 (p3−p1)2⊥} , (1.36)

where σ^{NN}_{tot} is the total NN cros section, α (not to be confused with the light-cone fraction) is the absorptive part of F_{NN} , and β is the slope of the variation of NN

FIG. 1.14: The sum of the scattering vertices is replaced by the NN scattering amplitude in GEA.

scattering angular distribution (forward angle) with energy. These parameters can be extracted from experimental NN scattering data. Using these new Feynmann rules one can express the intermediate spectator states in the diagram of Figure A.1 in terms of nucleons but not nuclear fragments because we can use closure over various nuclear excitations in the intermediate state. Because the typical average scale for high energy reactions is significantly larger than for nuclear excitations, one can use closure, and after the evaluation of the intermediate-state nucleon propagators, the covariant amplitude will be reduced to a set of time ordered non-covariant diagrams. This establishes the connection between the nuclear vertex functions and the nuclear wave functions:

ψ_A(p_1, p_2, ...p_A) = 1 (√ (2π)^32m )_{A−1} Γ_A(p_1, p_2, ...p_A) D(p_1)

, (1.37)

where Γ_A(p_1, p_2, ...p_A) are the vertex functions which describes the transitions between a nucleus A and A nucleons with momenta p_1, p_2, ...p_A, and D(p_1) = −(p_1 − m − iϵ) is the intermediate nucleon propagator. Here the wave functions ψ_A are normalized such that: ∫ |ψ_A(p_1, p_2, ...p_A)|^2 d^3p_1d^3p_2...d^3p_A = 1. (1.38)

1.3.5 Meson Exchange Currents and Δ-Isobar Contributions

Estimates of contributions from meson exchange currents corresponding to diagrams similar to Fig. 1.15 (a) are rather controversial at large Q^2 since these terms are very sensitive to the assumed t-dependence of the meson-nucleon vertex form factors. These form factors are obtained from a fit to the experimental data. Experimental results at low Q^2 for d(e,e’N)N shows that meson exchanged

FIG. 1.15: Meson Exchange Currents (a) and the Δ-isobar contribution (b) for the e + d → N + N reaction.

currents (MEC) and Δ-isobar contributions (IC) to the NN scattering amplitude become dominant for higher momenta p_s. The virtuality of the exchange mesons grows with Q^2 for Q^2 ≫ m^2_{meson}, where m_{meson} is the meson mass. One expects that the contributions of meson exchange currents will decrease with increasing virtuality Q^2. The overall Q^2 dependence of the MEC amplitude can be estimated as [18]: A^μ_{MEC} ∼ ∫ d^3p · ψ(p) J^μ_m(Q^2) (Q^2 + m^2_{meson})

Γ_{MNN} (Q^2) (1.39) ∝ ∫ d^3p · ψ(p) ( 1 (Q^2 + m^2_{meson})(1 + Q^2/Λ^2)^2 )

where J^μ_m ∼ 1/(Q^2 + m^2_{meson}) is the meson electromagnetic current proportional to the elastic form factor of the meson, and m^2_{meson} ≈ 0.71 GeV^2. For the mesonnucleon vertices, the meson form factor Γ_{MNN} ∼ (1 + Q^2/Λ^2)^{−2} with Λ ∼ 0.8 − 1. GeV^2. For large Q^2 quark counting rule lead to Γ_{MNN} ∼^1_{Q6} . Thus we expect that MEC will be strongly suppressed for Q^2 ≥ (m^2_{meson}, Λ) ∼ 1 GeV^2. SLAC experi-

FIG. 1.16: The Q^2-dependence of W_1/W_2 for the inclusive d(e,e’)X reaction. The data are from Ref. [26]. E_{pn} = W_{pn} − m_D − ϵ^{bound}_d , where W^2_{pn} = W^2_γ∗_D = (q^μ + p^μ_D)^2 is the CM energy of the proton and neutron in the final state of the reaction. Solid lines are PWIA predictions within light cone dynamics in the collinear approach [18].

ment [26] results as shown in Figure 1.16 indicate such suppression. The experiment measured the ratio of structure functions W_1/W_2 at the deuteron threshold x → 2. Particularly the Q^2-dependence of this ratio at fixed relative energy of the final pn system is sensitive to the Q^2-dependence of MEC contributions. Fig. 1.16 indicates that MEC contribution decreases with the increase of Q^2 and become negligible for Q^2 ≥ 1.5 GeV^2 and E_{pn} ≥ 50 MeV.

For the case of IC contributions, the virtual photon produces the Δ-isobar in the intermediate state which subsequently re-scatters off the spectator nucleon through

FIG. 1.17: The θ_n dependence of ratio T at Q^2 = 1 GeV^2. The curve marked by “NM” corresponds to the cross section including final state interactions calculated in Ref. [12]. The curves with “NM+MEC” and “NM+MEC+IC” correspond to the calculations of Ref. [12] including meson exchange and Δ-isobar contributions respectively. The curve marked by “GEA” corresponds to the cross section calculations of Ref. [18] using the generalized eikonal approximation.

the ΔN → NN channel, as is shown diagrammatically in the Figure 1.15 (b). The Δ-isobar current contribution can be estimated as [18]: A^μ_{IC} ∼ i ∫ ψ_D ( p_{mt} − k_t, p_{mz} − m^2_Δ − m^2 2q ) J_γ∗_{NΔ}(Q^2)A_{Δ,N→NN} (k_t)d^2k_t, (1.40) where J_γ∗_{NΔ}(Q^2) and A_{Δ,N→NN} are the electromagnetic N → Δ and hadronic NΔ → NN transition amplitudes, respectively. There are several factors that contribute to the suppression of IC contributions at high Q^2 as compared to the IA contributions. The main factors are the energy dependence of A_{Δ,N→NN} amplitude and the Q^2-dependence of the electromagnetic γ^∗NΔ transition form factors, as compared with the elastic NN → NN amplitude and the γ^∗N form factor, respectively. The N → NN amplitude is known to be dominated by the pion

Reggeon exchange with the ρ-Reggeon which dominates at very high energies, thus being a small correction up to energies of √ s ∼ 30 GeV [27]. The scattering amplitude of an interaction depends on the spin, J, of the exchanged particle as: A ∼ s^J , in which s is the square of the center of mass energy of final the NN system (s ≈ (^2_x − 1)Q^2 + 2m^2). Using the spin dependence of scattering amplitude the ΔN → NN transition amplitude is being suppressed at least by a factor ∝ 1/Q^2 (at Q^2 ≥ 2 GeV^2), as compared with the elastic NN → NN amplitude, leading to a similar suppression of IC contributions. There is an experimental indication that the electromagnetic γ^∗NΔ transition form factor decreases even faster with Q^2 as compared to the elastic γ^∗NN transition amplitude [28]. In Figure 1.17 are shown the results of the model of Ref. [12]. The ratio between the full cross section (containing all the contributions of Figure 1.11) to the PWIA cross section, T , is plotted versus the nucleon polar scattering angle. Calculations have been performed in the kinematics Q^2 = 1 GeV^2, q_0 ∼ 400 − 500 MeV/c for the spectator momentum p_n = 400 MeV/c. Within this model the contributions of meson and isobar currents, in the kinematics where NN soft re-scattering is dominant, are small (∼ 6% for MEC and ∼ 4% for IC contributions).

1.3.6 d(e,e^′N)N Cross Section

The cross section of d(e,e^′N)N can be written in terms of leptonic and hadronic tensors as follows: dσ dE^′dΩ^′d^3p_f /2E_f d^3p_s/2E_s = E^′_e E_e α^2 q^4 η_{μν} T^{μν}_D δ^4(p_D + q − p_f − p_s) (1.41)

where η_{μν} =^1_2 T r(k̂_2γ_μk̂_1γ_ν ), k_1 ≡ (E_e, ⃗k_1), and k_2 ≡ (E^′_e, ⃗k_2) are the four-momenta of the incident and scattered electrons, respectively. The electromagnetic tensor T^{μν}_D of the deuteron is: T^{μν}_D = ∑ spin (A_0 + A_1)^μ(A_0 + A_1)^ν (1.42) where A_0 and A_1 correspond to impulse approximation and single re-scattering amplitudes calculated earlier in Eqs. 1.30 and 1.34. Using the fact that in soft NN re-scattering < k^2_t >_{rms}∼ 250 MeV^2/c^2 ≪ |q|^2 the bound nucleon electromagnetic current can be factorized out of the integral in Eq. 1.31. The distorted wave impulse approximation (DWIA), in which the scattering cross section is represented as a product of the off-shell eN scattering cross section σ_{eN} and the distorted spectral function S_D(p_f , p_s) replaces PWIA in this case: σ dE^′dΩ^′dp_f = p^2_f σ_{eN} S_D(p_f , p_s). (1.43)

Here the distorted spectral function can be represented as follows:

S_D(p_f , p_s) = | | |ψ^D(p^s) − 1 4i ∫ d^2k_t (2π)^2 f_{pn}(k_t) · [ψ_D(p̃_s) − iψ^′_D(p̃_s)] | | | 2 (1.44)

The off-shell cross section σ_{eN} contains ambiguity in the spinor part related to the fact that the knocked-out nucleon is bound. The above calculations using the factorization theorem are assuming that the contributions from MEC and IC currents are small in the kinematics where NN rescattering is dominant. In contrast with these earlier theoretical predictions, a recent theoretical development [29] supports a major contribution due to IC and MEC currents to the scattering amplitude in the same kinematical region mentioned above. These calculations are discussed in the next section.

1.3.7 New Theoretical Developments

A new theoretical approach [29] uses kinematics where re-scattering takes place on a propagating on-shell nucleon. In this picture the electron scatters on a proton at rest which propagates on-shell and re-scatters on the neutron which is also at rest. In the Lab frame, the soft neutron recoils at 90^∘ with respect to the fast proton which is emitted in the forward direction. The angle between the soft neutron momentum and the momentum transfer direction is defined as θ_R. Two body kinematics imposes that the angle θ_R of the re-scattering peak moves with the recoil momentum (see Figure 1.18). The same occurs, in a different part of the phase space, when the electron interacts with a neutron (the case of this analysis). The

FIG. 1.18: The ratio R =^{σF ULL}_{σP W IA} versus the angle between the recoil nucleon (neutron) and the virtual photon momentum ⃗q direction. FSI (dashed lines) and MEC+IC (full lines) for two fixed values of recoil momenta are shown [29].

model involves on-shell elementary matrix elements and they are maximized in the quasi-elastic kinematics, when the re-scattering takes place on a nucleon at rest, and x =^{Q2}_{2mpν} = 1, where x is the Bjorken scaling variable, ν is the energy of the exchanged virtual photon, and m_p is the mass of the nucleon. In these kinematics the singular part of the FSI and MEC amplitudes does not depend on Q^2, beyond the momentum dependence of the momentum operators. Thus, one expects that with increasing Q^2 the FSI, MEC, and IC contributions will dominate the total cross section. By choosing these kinematics we could study exotic components of the nuclear wave function via color transparency or color screening. Figure 1.18 shows the features of quasi-elastic on-shell re-scattering effects. It shows the dependence of the ratio between the full cross section of the d(e,e^′p)n reaction and the quasi-free (PWIA) contribution versus the angle θ_R between the recoiling nucleon and the virtual photon, for constant recoil momentum. Near θ_{ps,q} = 70^o (where x = 1) FSIs are maximized, and on-shell rescattering is dominant.

At low values of the recoil momentum (p_s = 200 MeV/c), the on-shell nucleon cross section is reduced by screening, while at high values of the recoil momentum (p_s = 500 MeV/c) the quasi-free contribution is suppressed due to re-scattering effects. Similarly, the meson exchange currents (MEC) and Δ-isobar (IC) contributions induce “singularities” at large recoil angles and shift the NN re-scattering peak (Figure 1.18 - full lines). Other virtual nucleon resonances can be excited and propagate, widening the peak even further toward large re-scattering angles. In the range of recoil momenta of a few hundred MeV/c the Δ-isobar contribution is larger than that of higher mass resonances. This approach uses relativistic propagators to estimate the PWIA and FSI contributions, and no angular approximation is made in evaluating the integral loops [30]. The PWIA and FSI scattering amplitudes for d(e,e^′p)n are computed using the following descriptions: T_{P W IA} = 1 √ 4π [ ∑ m_1 ⟨m_1|J_p(q^2)|m_p⟩⟨ 1 2 m_p 1 2 m_2|1M_J ⟩U_0(⃗p_2)+ (1.45) + ∑ m_2 ⟨m_1|J_n(q^2)|m_n⟩⟨ 1 2 m_n 1 2 m_1|1M_J ⟩U_0(⃗p_1) ] + D W ave,

36 T_{F SI} = ∑ λ_p,λ_n,m_l,m_s ∫ d^3⃗n (2π)^3 m E_p(p^0 − E_p + iϵ) { (λ_p|J_p(q^2)|m_s − λ_s)(⃗p_1m_2⃗p_2m_1|T_{NN} |⃗pλ_p⃗nλ_n) + (λ_p|J_p(q^2)|m_s − λ_s)(⃗p_2m_2⃗p_1m_1|T_{NN} |⃗pλ_p⃗nλ_n) }

× ( 1 2 λ_p 1 2 (m_s − λ_n)|1m_s) { 1 √ 4π U_0(|⃗n|)δ_{MJ ms} δ_{ml0} + U_2(|⃗n|)(2m_lm_s|1M_J )Y^{ml}_2 (^⃗n) } , (1.46)

where E_p = √ m^2 + (⃗k − ⃗n)^2 and p_0 = M_D + ν − √ m^2 + ⃗n^2. The momenta and magnetic quantum numbers of the outgoing proton and neutron are respectively ⃗p_1, ⃗p_2, m_1 and m_2, while the magnetic quantum number of the deuteron target is M_J . The S and D parts of the deuteron wave function are respectively U_0 and U_2. In this model [29] the dipole expression is used for the magnetic form factors of the proton and the neutron. The Galster parameterization [31] was used for the neutron electric form factor, while the latest JLab experimental values [32] were used for the proton electric form factor. Because the energy of the virtual photon is larger than the sum of the masses of the two nucleons, the knocked out nucleon (⃗p, λ_p) can propagate on-shell. Due to the dominance of the S-state in the deuteron wave function, the corresponding singular part of the integral is maximum when the scattering of the electron on a nucleon at rest takes place in quasi-free kinematics. In Figure 1.19 the width of the on-shell (dot-dashed line) peak reflects the Fermi motion inside the target nucleon, while the off-shell part of the cross section is suppressed at x = 1. The classical Glauber approximation uses a linearization of the nucleon propagator and neglects recoil effects. Thus, the re-scattering peak is fixed at 90^o. GEA takes into account the higher order recoil terms in the nucleon propagator of Eq. 1.46, and neglects only terms on the order of p^2_⊥/m^2_p. Laget’s diagrammatic approach, which takes into account the full kinematics, predicts the FSI peak (see Figure 1.19 - full

FIG. 1.19: Angular dependence of the ratio of the FSI to the PWIA cross sections for the on-shell (dot-dashed line) and respectively for the off-shell (dashed line) propagating nucleon.

line) at the same place as the GEA predictions. This model uses a parametrization of NN scattering amplitude of the form:

T_{NN} = α + iγ(⃗σ_1 + ⃗σ_2) · ⃗k_⊥ + (spin − spin) terms, (1.47) in which ⃗k_⊥ is the unit vector perpendicular to the scattering plane. This parameterization takes into account the fact that for higher kinetic energies of the outgoing fragments, more inelastic partial waves make it difficult to compute the NN cross section from a potential. Above 500 MeV, the central part α of the NN scattering amplitude is dominant, is mostly absorptive, and can be expressed as: α = − W p_{CM} 2m^2

(ϵ + i)σ_{NN} e^{− β2 t} (1.48) In the forward direction its imaginary part is related to the total cross section σ_{NN} , while the slope parameter β is related to the angular distribution of the NN scattering amplitude at forward angles. Both quantities are extracted from experimental

FIG. 1.20: The experimental NN cross section σ_{NN} and β variation with energy used in the parameterization described in the text [29].

results from Los Alamos, COSY, and Saturne (see Figure 1.20). This parameterization also includes the low energy regime by expanding the amplitude in terms of SPD waves of the Paris potential (with a small contribution for recoil momenta T_L above 500 MeV/c). The Δ-isobar and MEC amplitude contributions contain both π and ρ meson exchanges and are computed according to Eqs. (C1) and (C2) of Ref. [33]. The author of Ref. [29] implemented the full relativistic description of the πNN vertex, instead of the classical description in Eq. (C2), with a small final effect on the overall estimation of MEC contributions. For the N → Δ form factor a general fit to the latest experimental values [34] was used: F_{γNΔ} = F_{dip}(Q^2)(1 − Q^2/9),

FIG. 1.21: The momentum distribution in the d(e,e^′p)n reaction at x = 1 and Q^2 = 5 GeV^2. Dashed line PW. Dash-dotted line: with FSI. Full line: MEC and Δ included [29].

as shown in Figure 1.22. The Δ formation amplitude is suppressed at high Q^2 (see Fig. 1.22) due to its steep fall-off compared with the nucleon dipole form factor F_{dip}. Also in quasi-free kinematics the singularities associated with Δ propagation are weaker than the FSI amplitude, due to the fact that the Δ pole is off from the energy axis by its half width. Figure 1.21 shows the full angular distribution of the d(e,e^′p)n reaction for Q^2 = 5 GeV^2, at x = 1. The Δ formation term has a small contribution up to p_n ≈ 800 MeV/c, but is predominant for the higher momentum range. At large scattering angles of the recoil nucleon FSI, MEC and IC contributions dominate the interaction between the electron and the nucleon. Preliminary experimental results [35,36] of the electro-disintegration of^3He and^4He show a good

FIG. 1.22: The Δ form factor G^∗_M is plotted as a function of Q^2. Experimental values for different data sets are shown together with several theoretical prediction from MAID.

agreement with the diagrammatic method [29] described above and are presented in Figure 1.23.

1.3.8 Nuclear Transparency T and Re-scattering Effects

The ratio T , called nuclear transparency, of the cross section σ^{IA+F SI}, given by the distorted plane wave approximation of Eq. 1.44, to the cross section σ^{IA}, calculated with only the IA amplitude A_0 included, is an effective measure of rescattering effects in nuclei. The nuclear transparency T is then: T = σ^{IA+F SI} σ^{IA} = S(p_f , p_s) |ψ_D(p_s)|^2

(1.49)

FIG. 1.23: The momentum distribution in the^3 He(e,e’p)d reaction at x = 1 and Q^2 = 1.55 GeV^2. Dashed line: PW. Dotted line: with FSI. Dash-dotted line: 2 body MEC and Δ included. Full line: 3 body mechanism included [29].

By calculating T as a function of the recoil nucleon angle with respect to ⃗q for different values of nucleon momenta (see Figure 1.24), we can clearly see the consequences of re-scattering effects on the total cross section. At recoil momenta p_s ≤ 300 MeV/c, T has a minimum and generally T < 1 while at recoil momenta p_s ≥ 300 MeV/c, T has a distinctive maximum and T > 1. These effects could easily be explained if we recall the fact that for soft NN re-scattering the amplitude is mainly imaginary f_{pn} = σ_{tot}(i + α)e^{− B}2^{k2⊥} with α ≪ 1. Within the theoretical frame described earlier by Strikman and Frankfurt (Eqs. 1.43 and 1.44), Eq. 1.44 inserted into Eq. 1.49 yields: T ≈ 1 − 1 2 | | | | ψ_D(p_s) · ∫_{d2k⊥} (2π)^2 fpn(k⊥) · [ψD(p̃s) − iψ ′ D(p̃_s)] ψ^2_D(p_s) | | | | (1.50) + 1 4 | | | ∫_{d2k⊥} (2π)^2 fpn(k⊥) · [ψD(p̃s) − iψ ′ D(p̃_s)] | | |^2 ψ^2_D(p_s) . Here ψ_D and ψ^′_D are the on-shell and off-shell deuteron wave functions, respectively.

In Eq. 1.50 we can observe that the second term, called the interference term,

FIG. 1.24: The dependence of the transparency T on the angle θ_{sq} and the momentum p_s of the recoil nucleon. The angle is defined with respect to ⃗q.

has a negative sign and is proportional to^{ψD (psz ,ps⊥)ψD (psz −Δ,ps⊥−k⊥)}

ψ^2_D (p_{sz} ,p_{s⊥}) . Thus, in the

kinematics where the interference term is dominant there is screening of the overall

cross section. The maximal screening is found at p_{s⊥} ≈ 200 MeV/c, at which the

square of the third term, called the re-scattering term, is small, resulting in T ≤

1. A further increase of p_s suppresses the relative contribution of the interference term as compared to the square of the re-scattering term which results in T > 1. The dominance of the re-scattering term as compared to the interference term,

FIG. 1.25: The θ_{psq} dependence of T at different values of p_s. Solid lines are obtained within GEA, and dashed lines are obtained within Glauber approximation [62].

with increasing p_s, is explained by the fact that the interference term grows as ∼ 1 |ψ_D(p_s)| while the re-scattering term grows as ∼ 1 |ψ_D (p_s)|^2 . Predictions of T calculated

within GEA and in the Glauber approximations are rather close when the recoil nucleon momenta are small (see Figure 1.25). Glauber theory assumes that the target nucleons are stationary scatterers and therefore neglects their Fermi motion. At large Fermi momenta predictions of both approaches differ considerably. In the case of p_s = 400 MeV/c the GEA and Glauber approximation predictions for the angular dependence of the maximal contribution of the re-scattering amplitude (i.e. the position of the maximum of T in Figure 1.25) differ by as much as 30^o. Such a difference is quite dramatic and is one of the motivations behind this analysis.

As mentioned earlier one of the important features of high energy scattering is the

FIG. 1.26: T as a function of Q^2 and p_{st} at α =^{Es−psz}_m = 1.

energy independence of the NN soft scattering cross section (e.g. Figure 1.20), which enters into the re-scattering amplitude of the d(e,e’N)N reaction as shown diagrammatically in Figure 1.11 (b). This feature bring us to the dependence of T upon Q^2. As Figure 1.26 shows, with increase of Q^2, T becomes practically independent of Q^2 at a given value of p_s. Within GEA the Q^2 independence of T can be used as a baseline to study the onset of the color coherent regime in high Q^2 exclusive reactions off nuclei.

The elastic γ^∗N interaction, at high Q^2 ≥ Q^2_0 (Q^2_0 ≈ 6 − 8 GeV^2), is dominated by the contribution of the minimal Fock component of the quark-gluon wave function of the nucleon, which corresponds to a point-like configuration (PLC). Thus for Q^2 ≥ Q^2_0 in the QCD picture it is expected that hard elastic scattering will favor PLCs from the wave function of the nucleon. This feature is characteristic of both the perturbative [38, 46] and non-perturbative [23] regime of QCD. If PLCs are produced in high Q^2 exclusive reactions, then because of the color screening effect we expect that they will propagate through the nuclear medium largely undisturbed, without final state interactions. This phenomena is called Color Transparency (CT) and is believed to be responsible for specific upward and downward changes in the hard quasi-elastic d(e,e’N)N cross section, depending on the kinematics which control the relative size of the screening and re-scattering terms mentioned earlier in the section. This phenomenon was observed at FNAL in high energy regime when perturbative QCD is valid [39, 40].

In non-perturbative QCD, observation of color coherent phenomena is obstructed by the fact that at finite energies PLCs will evolve to the normal hadronic states during their propagation through the nucleus. As a result FSI will not be negligible at the later stages of the interaction. The rapid expansion of PLCs, is believed to be the major reason that prevented the observation of the onset of color transparency in A(e,e’p)X reactions for the range of Q^2 up to 8 GeV^2 [7, 8]. Thus the major issue in the studies of color coherence phenomena in the non-perturbative regime is the suppression of the expansion of PLCs which can be achieved [41, 42] in exclusive d(e,e’N)N reactions with large values of momentum transfer.

There are several non-perturbative models which allow an estimate of color coherence by incorporating PLC expansion (see e.g. [43,44]). One of the models developed is the Quantum Diffusion Model (QDM) of Ref. [43]. Basically this model introduces the dependence of the scattering amplitude on the transverse size of the PLC. The expansion of PLC is included in the QDM model by allowing the rescattering amplitude to depend on the distance from the photon absorption point. The calculation of the deuteron electro-disintegration cross section within the QDM model is performed by rewriting the amplitude of Eq. 1.31 in coordinate representation and using a new scattering amplitude for the PLC–N re-interaction f^{P LC,N} to replace the amplitude of NN scattering f_{pn}. Within QDM: f^{P LC,N} (z, k_t, Q^2) = iσ_{tot}(z, Q^2) · e^{b2 t} · G_N (t · σ_{tot}(z, Q^2)/σ_{tot} G_N (t)

, (1.51)

where b/2 is the slope of the elastic NN amplitude, G_N (t) ≈ (1 − t/0.71)^2 is the Sachs form factor, t = −k^2_t , and σ_{tot}(l, Q^2) is the effective total cross section of the interaction of PLCs at a distance l from the interaction point. In QDM σ_{tot}(l, Q^2) takes the following form: σ_{tot}(l, Q^2) = σ_{tot} [( l l_h + ⟨r^2_t (Q^2)⟩ ⟨r^2_t ⟩ (1 − l l_h ) ) Θ(l_h − l) + θ(l − l_h) ] , (1.52)

in which l_h = 2p_f /ΔM^2, with ΔM^2 = 0.7 − 1.1 GeV^2. Here ⟨r^2_t (Q^2)⟩ is the average transverse size squared of the configuration produced at the interaction point. Other non-perturbative models are incorporating the production and expansion of PLCs using the fact that with an increase of energies the contribution from the inelastic transitions with intermediate baryonic resonances of the same spin as the nucleon (as N^∗ and N^{∗∗}) are no longer suppressed. As a consequence the intermediate hadronic state (after the γ^∗N vertex as shown in the diagram of Figure 1.11 (b)) can be represented as a superposition of nucleonic, baryonic excitation and continuum states. The three-state model uses the assumption that the intermediate state is a superposition of three resonance states (N,N^∗, and N^{∗∗}): |P LC⟩ = ∑ m=N,n^∗,N^{∗∗} F_{m,N} (Q^2)|m⟩, (1.53)

where F_{m,N} (Q^2) are elastic (m = N) and inelastic transition form factors. Color transparency is introduced in this model as the condition of lack of FSI at the interaction point (where PLCs are produced): T_S |P LC⟩ = 0, where T_S is the 3 × 3 Hermitian matrix representing the small angle final-state interactions. The cross section in this model is obtained from Eq. 1.43 replacing the scattering amplitude f_{pn} with T_S . Detailed numerical calculations were done in Ref. [41], and they demonstrated that both models, the QDM model and the three-states model, predict similar magnitudes for the color transparency phenomena, as a suppression of final state re-scatterings. In order to observe a color coherent effect, we need to identify the

FIG. 1.27: Theoretical predictions for the Q^2 dependence of the ratio R for the exclusive d(e,e’p)n reaction with CT effects (solid line) and without CT effects (dashed line) together with projected data points and error bars for the experiment E94-019 [45] at TJANF.

quantity most sensitive to the suppression of FSIs with increasing Q^2. As it was shown in Figure 1.24, within GEA, FSI are dominant in the transverse kinematics (θ_{p,q} ≈ 90^o), corresponding to α =^{Es−psz}_m = 1. From Figures 1.24 and 1.25 we can see that for p_s ≲ 300 MeV/c the screening term of Eq. 1.42 is dominant, resulting in T < 1. At p_s ≳ 350 MeV/c the dominant contributions arises from the re-scattering term in Eq. 1.42 and as a result T > 1. Based on these observations a ratio of cross section, measured at kinematics where double scattering is dominant, to the cross section measured at kinematics where the screening effects are the main contributors, becomes a very sensitive tool in studying the suppression of FSIs with increasing Q^2: R = σ(p ≈ 400MeV/c) σ(p ≈ 200MeV/c) (1.54) A prediction for the ratio R evolution with Q^2 for actual experiment is presented in the Figure 1.27. It can be seen here that color coherent effects will suppress FSIs and consequently will reduce the transparency T with increasing momentum transfer Q^2.

1.4 Overview of Existent Data

To observe color coherent effects we need processes that are dominated by scattering from PLCs and that can be computed using perturbative quantum chromodynamics (pQCD). Several such processes have been suggested in the literature, and corresponding pQCD factorization theorems have been proven for them. These processes include diffractive pion dissociation into two high transverse momentum jets [23] and exclusive vector meson production [46, 47]. Recent experiments at HERA which focused on exclusive vector meson production in deep inelastic scattering (DIS) have confirmed the basic pQCD predictions – a rather fast increase of the cross section with energy at large Q^2, a dominance of the longitudinal photon cross section, and a weaker t-dependence of the ρ-meson production at large Q^2 relative to J/ψ photo-production. Di-jet and vector meson production processes have a very particular characteristic: in the region of small shadowing (for values of x ≥ 0.02) the interaction of a qq̄ pair with a nuclear target does not suffer attenuation through nuclear matter, thus the pair qq̄ becomes “color coherent”. As a result, the amplitude of this process at t = 0, and the cross section of quasi-elastic processes are each proportional to the nucleon number A. At Fermi laboratory, E791 experiment observed color transparency in the exclusive coherent production of two jets in the process π + A → 2 jets + A at pion energies of E_π = 500 GeV.

As predicted [23], the A-dependence of the process [40] led to a seven times larger platinum/carbon ratio than soft physics would have predicted. Evidence for color transparency effects was reported also in incoherent vector meson production in DIS scattering of muons [48]. It can be concluded that CT concept has been established experimentally as well as theoretically using high energy processes.

The first electron-proton scattering A(e,e’p) experiment looking for color transparency was NE18 performed at SLAC [7, 8]. The maximum value of the momentum transfer of the virtual photon Q^2 was ≈ 7 GeV^2, corresponding to a formation length l_c ∼^1_{ΔM}^{ph}_{mh} ≤ 2 fm, where p_h and m_h are the momentum and the mass of the interacting hadron, and ΔM is the characteristic excitation energy defined by ΔM^2 = (m^2_{ex} − m^2_h) with m_{ex} being the invariant mass of the closest exited state. Predictions of color coherent effects in this kinematical range were rather small and they were consistent with the NE18 data. Recent Jefferson Lab experiments [9,10], have been performed in the kinematical range up to Q^2 = 8 GeV^2 and no color transparency effects have been observed. However, the accuracy of these experiments and the effects of expansion in the realistic models are not sufficient to rule out color transparency. Another experiment was performed at BNL [49], which measured the color transparency of nuclei measured in the A(p,2p) quasi-elastic scattering process near 90^o in the pp center of mass. The incident momenta varied from 5.9 to 14.4 GeV/c, corresponding to 4.8 < Q^2 < 12.7 GeV^2. In these experiments the angular dependence of the nuclear transparency near 90^o, and the nuclear transparency for deuterons was studied. They found that the nuclear transparency for A(p,2p), unlike that for A(e,e’p), is not a constant versus energy as predicted by Glauber calculations. The nuclear transparency for carbon and aluminum showed an increase by a factor of two between 5.9 and 9.5 GeV/c incident proton momentum. At higher energies, surprisingly, the nuclear transparency was observed to fall back to values compatible with the constant A(e,e’p) nuclear transparency, supported by the Glauber calculations. This oscillating behavior, as shown in Figure 1.28, was

FIG. 1.28: The nuclear transparency T_{pp} values for carbon and for aluminum (scaled) are plotted versus their p_{eff} values [49]. The solid curve represents the inverse of R(s) =^{dσ}_{dtpp} (θ = 90^∘|_{c.m.}) × s^{10}. The scale s of Q^2 is included at the bottom of the figure in GeV^2.

explained as an interplay between two components of the pN scattering amplitude; one short range and perturbative, and the other long range and strongly absorbed in the nuclear medium. Studies of the A-dependence of nuclear transparency conclude that the effective cross section varies with incident momentum and is considerably smaller than the free pN cross section. The first data from a new (p,2p) experiment, EVA [50], at p_{inc} = 6 − 7.5 GeV/c confirmed the findings of the first experiment [51] and more recently EVA has reported measurements in a wider momentum range up to 14 GeV/c. The data appear to confirm both the increase of transparency between 6 and 9 GeV/c and a drop of transparency at 12 and 14 GeV/c [52]. As suggested in [53, 54] the drop in the transparency could be understood as a peculiarity in the high momentum transfer pp scattering amplitudes. The recent Jefferson Lab data [10] studied the (e,e’p) reaction on targets of deuterium, carbon, and iron up to Q^2 = 8.1 GeV^2. The nuclear transparency was determined by comparing the data to calculations of quasi-free cross sections in the Plane-Wave Impulse Approximation (PWIA). The dependence of the nuclear transparency on Q^2 (see Figure 1.29) as well as on the atomic number A was investigated in a search for the onset of the Color Transparency (CT). None was found in this kinematical range. However

FIG. 1.29: Transparency T_p for (e,e’p) quasi-elastic scattering from D (stars), C (squares), Fe (circles), and Au (triangles). Solid large and small symbols are from JLab data Refs. [9] and [10], respectively. Solid large open symbols are SLAC data from Refs. [7, 8]. Small open symbols correspond to Bates data from Ref. [55]. Solid curves represents the Glauber calculations from Ref. [56] and in the case of deuterium (D), the dashed curve corresponds to calculations from Ref. [41] .

these data allow constraints on the parameters defining the onset of CT. From an analysis [18] done within the QDM of nuclear transparency for the range of the expansion parameter ΔM^2 (with ΔM^2 = 0.7 GeV^2 shown in Fig. 1.30-(a) and with ΔM = 1.1 GeV^2 shown in Fig. 1.30 (b)) it was determined that the lower limit for the formation of point-like constituents (PLCs) is at Q^2 ≈ 4 GeV^2. The upgrade

FIG. 1.30: The Q^2-dependence of T. The solid line is the prediction of the Glauber approximation (GA). In (a) dashed curves correspond to the CT prediction with ΔM^2 = 0.7 GeV^2 and with Q^2 = 1, 2, 4, 6 and 8 GeV^2. In (b) dotted curves correspond to the CT prediction with ΔM^2 = 1.1 GeV^2 and with Q^2 = 1, 2, 4 and 6 GeV^2. All calculations are normalized to the data at Q^2 = 2 GeV^2 [18]. Data shown here are from Bates, SLAC, and JLab as mentioned in Fig. 1.29.

of Jefferson Lab to 12 GeV would allow measurements of T to higher Q^2 where the color transparency predictions for (e,e^′) diverge from conventional calculations (e.g. Glauber approximation). Experimental results from EVA have indicated in a model-independent way that for nucleon momenta ≥ 7.5 GeV/c, expansion effects are not large enough to mask the increase of nuclear transparency. Hence measurements at Q^2 ≥ 14 GeV^2, corresponding to momenta of the ejectile nucleon up to 14 GeV, would clearly answer the question whether nucleon form factors in these kinematics are dominated by small or large size configurations.

1.5 Analysis Objectives

To obtain more detailed knowledge of the interaction of PLCs with nuclei, we can select processes in which the ejectile interacts a second time during its propagation through the nucleus (double scattering) [57–59]. This can be done by studying recoil nucleons with transverse (with respect to virtual photon momentum ⃗q direction) momenta p_{s,⊥} ≥ 200 MeV/c. At low Q^2, the majority of high momentum nucleons are produced from re-scattering with the spectator nucleon in the nucleus. The onset of CT would reduce the probability of re-scattering, thus the number of such nucleons will decrease. The wave functions for the lightest nuclei (D,^3He, 4He) are known fairly well; therefore double scattering reactions can be modeled accurately in terms of FSIs, based on new theoretical developments [29, 59] (e.g. GEA model). Another advantage of double scattering is that the inter-nucleon distances probed (1 − 2 fm) are not large. These distances are comparable to the formation length for Q^2 as low as 4 − 6 GeV^2 (accessible to this experiment), and may provide evidence for color coherent phenomena in the transitional Q^2 region.

Ultimately, the double scattering measurements of this experiment will allow us to determine whether the lack of an observed signature of CT in A(e,e^′p) reactions for Q^2 ≤ 8 GeV^2 is related to the rapid expansion of PLCs, or if it is because PLCs are not produced at all in this kinematical range. This experiment has measured the ratio of the cross section at kinematics for which double scattering is dominant, to the cross section measured at kinematics where screening effects have a larger contribution to the total cross section, as given in Eq. 1.58. To enhance the effect of the final state interaction in both regions, the light cone momentum fraction α of the recoiling nucleon was taken close to one (α =^{Es−ps,z}_m ≈ 1), where E_s and m are the energy and the mass of the recoiling nucleon in the final state, and p_{s,z} is the component of momentum in the direction of ⃗q. Another aim of a double scattering experiment is to compute the ratio between the neutron and proton quasi-elastic cross sections at the same values of incident energy, Q^2, ν, E_{inc} and ⃗p_i: R_N ≡ | | | σ^n_{eN} σ^p_{eN} | | |_{exp} (1.55) This ratio should be independent of the spectral function, if this function is similar for both the neutron and the proton. Predictions [60, 61] shows a strong difference between several theoretical calculations. The main difference arises from the Q^2-dependence of R_N . Since the difference in spectral functions is related to the evolution of the FSIs, the information gained from how this ratio evolves with the energy will shed light on the general picture of nuclear dynamics.

Another objective of this analysis is to extract inelastic cross sections for the inclusive d(e,e^′) reaction at high x. When scattering electrons off a nucleon (proton or neutron), the range of x ≤ 1. For scattering off a nucleus, it is possible for x to be larger than unity. The Bjorken scaling variable x is a measure of the fraction of the longitudinal momentum carried by the struck quark. Hence, x > 1 indicates that the electron scatters off a super-fast quark that carries more momentum than the nucleon. Using kinematics in which the virtual photon will knock out a nucleon while the correlated nucleon will be detected in the fragmentation region we obtain information about the structure of two-nucleons pre-existing at very small distances, so called short-range correlations (SRC). Ratios of A(e,e^′) for different nuclei, normalized by A show a scaling behavior in the x > 1.5 region. It was suggested [92,93] that the ratio between A+1 and A cross sections in the x > 1.5 region will be proportional with the probability of finding SRCs in nucleus. Previous results from

Jlab-CLAS used^3He cross section as the normalization to extract SRC probabilities for^4He,^{12}C and^{56}Fe. The inclusive d(e,e^′) cross sections for x > 1.5 can be used now as the normalization in extracting SRC probabilities for^4He,^{12}C and^{56}Fe.

CHAPTER 2

Experimental Apparatus

2.1 Accelerator

The Continuous Electron Beam Accelerator Facility (CEBAF) at the Department of Energy’s Thomas Jefferson National Accelerator Facility (TJNAF) is the home of a recirculating linear accelerator which supplies a very low noise, high dutyfactor, continuous polarized electron beam (≈70%) to three experimental halls (Hall A, B, C) simultaneously. A 45 MeV electron beam is delivered to the accelerator by a superconducting RF injector, and then accelerated through two identical linear accelerators (North and South LINAC) connected by two 180^∘ arcs. The beam is recirculated up to five times as shown in Figure 2.1. Acceleration in the linac is achieved by 20 cryomodules, each one containing eight superconducting radiofrequency cavities (SRF), made of niobium, whose average gradient is 10 MeV/m. The SRF cavities are kept at 2 K using liquid helium produced by a refrigerator. At the end of each circulating pass through the machine the beam can be extracted using an RF chopper operating at 499 MHz. The beam is sent to the experimental halls in bunches separated by 2.0039 ns intervals at beam currents ranging from

FIG. 2.1: The CEBAF machine configuration. In the upper corner one can see a blowup of the north linac showing one of the cryomodules. A vertical cross section of a cryomodule is shown in the lower right corner of the diagram. In the upper right corner a cross section of the five recirculating arcs is shown. The two linear accelerators and the bending arcs are shown in the center of the picture. The electron beam starts at the injector and terminates at the experimental halls (Hall A, B, C).

100 pA to 180 μA. The accelerator can deliver beam currents sufficient to achieve luminosities of several times 10^{38} cm^{−2}s^{−1} to Halls A and C. The beam delivered to Hall B is four orders of magnitude less intense because the maximum luminosity of a large-acceptance detector such as CLAS is limited by detector rates. The beam energies available to the experimental halls range from 1.1 GeV (one pass) to ≈5.6 GeV (5 passes). The maximum energy can be delivered with an energy resolution of less than 0.01 % and a beam spot size at the target of less than < 0.5 mm.

FIG. 2.2: Side view of the experimental setup in Hall B with the beam-line, CLAS detector in the center, and associated equipment.

2.2 General Description of the CLAS Detector

The CEBAF Large Acceptance Calorimeter (CLAS) shown in Figure 2.2 is the main experimental setup in Hall B. The CLAS detector has nearly 4π solid angle coverage, and allows the detection of charge particles with polar angles from 8^∘ to 140^∘, and neutral particles from 8^∘ to 75^∘. The large acceptance of CLAS and the continuous beam provided by CEBAF are well suited for experiments that require the detection of two and more particles in the final state with a very small accidental background to signal ratio of less than 10^{−3} over a large angular range in the laboratory frame for luminosities up to 10^{34} cm^{−2}sec^{−1}. Besides the actual detection of charged particles, CLAS is designed to measure their momentum, time of flight, and trajectory with good accuracy. From these measurements and the curvature of the track, the mass and charge of each particle can be inferred. In order to make these precise measurements, several sets of detectors have been assembled in CLAS as shown in Figure 2.3. The target is located at the center of CLAS. Charged particles are bent by a toroidal (azimuthal) magnetic field, with a maximum intensity of 2 Tesla in the forward direction. A mini-torus is used to curl up the Moller electrons that then exit into the beam dump. Three layers of Drift Chambers (DC), from 8^∘ to 140^∘, allow us to map out the trajectory of a charged particle through the known magnetic field, and to determine its momentum. A Cherenkov counter (CC), from 8^∘ to 45^∘ provides discrimination between electrons and pions. A system of scintillator counters, from 8^∘ to 140^∘, measures the time of flight (TOF) of charged particles. Finally the electromagnetic calorimeter (EC), located in the forward direction (8^∘ to 45^∘), is used for identifying electrons and neutral particles. A pair of Large-Angle Calorimeters (LAC) was designed to detect charged particles scattered from 45^∘ to 75^∘.

2.2.1 Main Torus Magnet

The magnetic field for CLAS is provided by six superconducting coils arranged in a toroidal geometry around the electron beam line as is shown in Figure 2.4 (left). The field points primarily in the ϕ-direction with a magnitude as is shown in Figure 2.4 (right). This design allows a measurement of charged particles with good momentum resolution at high energy and small scattering angles where the magnetic field is strong and at low energies and larger scattering angles where the magnetic field is weaker (see Fig. 2.4, right). This design provides a wide geometrical coverage for charged particles at large scattering angles as well. The magnet is approximately 5 m in diameter and 5 m in length. At the maximum design current of 3860 A, the integrated magnetic field reaches 2.5 Tesla·meter in the forward direction, dropping to 0.6 Tesla·meter at a scattering angle of 90^∘.

FIG. 2.3: 3D representation of CLAS with the detector sub-systems.

2.2.2 Drift Chambers

Determination of charged particle trajectories in CLAS is done using multiwire drift chambers that are designed to track particles with momenta greater than 200 MeV/c. The drift chambers cover a range from 8^∘ to 140^∘ in polar angle for 80% of the 2π azimuth. Each of the six sectors of CLAS has three separate radial chambers called regions R1, R2, R3, as shown in Figure 2.5. The first region is the innermost and the smallest section of the drift chambers and is located in a nearly field free volume around the target. The second region is located inside the magnetic field and is actually mounted onto the cryostats containing the coils of the magnet. The third region is the biggest section and is located outside of the volume with magnetic field. A schematic representation of a sector wire chamber

FIG. 2.4: Left: The main superconducting magnet composed of six toroidalshaped coils. Right: Contours of constant absolute magnetic field for the CLAS toroid in the mid-plane between two coils.

with all the components is shown in Figure 2.6 (left). Each region of the drift chambers consists of two super-layers of wires : one axial super-layer, where all the wires are strung parallel to the direction of the magnetic field, and one stereo super-layer, in which the wires are strung at 6^∘ with respect to the axial wires. These two sets of wires allow us to determine the azimuthal angle ϕ of the particle. Each super-layer is made up of 6 layers of sense wires plus field wires making up cells of hexagonal shape, as illustrated in Figure 2.6 (right). In addition, there is a layer of guard wires surrounding the perimeter of each super-layer to reproduce the electric-field configuration of an infinite grid of hexagonal cells. All three regions of the drift chambers are filled with 90% argon, 10% CO_2 non-flammable gas mixture. This provides a drift velocity of at least 4 cm/μs and an operating voltage plateau of several hundreds volts before breakdown. The average layer efficiency is ≥ 98% [64]. Most of the inefficiency comes from tracks passing very close to the sense wire which give rise to signals with low pulse heights and long durations. The tracking, that is the reconstruction of the momentum and angles of the tracks, is done in two stages. First, the hits in a superlayer are combined to form a “track segment”. Then the

FIG. 2.5: Vertical cut through the drift chambers transverse to the beam at the target location.

“track segments” from different superlayers are linked to form a track. At this point the reconstructed momentum is within 3% to 5% of the true value of the momentum of the particle. In the second stage, the start time information from the scintillation counters is used to obtain the drift time, and then, to convert it into distance from the center of the cell. In overall average, the tracking efficiency remains greater than 95%, the chamber hit occupancy is up to 4% and the momentum resolution is better than 0.4% [64].

2.2.3 Cherenkov Counters

Cherenkov Counters (CC) detect electrons and pions and distinguish them by measuring the electromagnetic shock wave emitted by a medium when a charged particle travels faster than the speed of light in that medium. The CLAS Cherenkov detector system uses perfluorobutane gas (C_4F_{10}), at 0.2% above atmospheric pressure as the medium. This gas is easily purified, ten times heavier than air, and

FIG. 2.6: Left: Schematic representation of radial chamber corresponding to one sector. Right: Layout of super-layer in Region 3. The sense wires are located in the center of each cell, while the field wires are located in the vertices of the hexagons. The shadowed hexagons represent the cells containing the sense wires which produced a signal for a representative track.

has excellent light (UV) transmission properties. The CC consists of six nominally identical counters, one per sector. Each counter covers the polar angular range 8^∘ ≤ θ ≤ 45^∘, with nearly full coverage in the azimuthal angle ϕ. Cherenkov light is collected by covering as much space as possible with mirrors, and placing the phototubes in the regions of ϕ that are obscured by the torus magnet coils. Cherenkov light, emitted by the particles passing through each counter, is collected by the optical elements of each of the 216 light collection modules. The array of modules in one sector is shown in Figure 2.7. The optical elements of each module consist of two focusing mirrors, a Winston light collection cone, and a cylindrical mirror at the base of the cone as shown in Figure 2.8). A Phillips photomultiplier tube (PMT) is mounted at the base of the Winston cone for detection of Cherenkov light. The trajectory of the light produced by a typical electron passing through the Cherenkov detector is illustrated in Figure 2.8. The calibration of the Cherenkov detector re-

FIG. 2.7: The 3-dimensional structure of the Cherenkov counter in one of six sectors in CLAS.

quires equalizing the gains of the phototubes and setting the hardware thresholds. Since the CC threshold is included in our trigger, the calibration of this system is especially important. Due to the shape of CLAS, the Cherenkov counters can be triggered by electrons at the edges of the mirrors, beyond which the optical efficiency for the detected light drops rapidly. In order to avoid large efficiency corrections, a fiducial cut is applied in the analysis software.

2.2.4 Time-of-Flight Detector System

In CLAS, hadron identification relies mostly on the combination of measured charged-particle momenta and the flight time from the target to the respective scintillator counters of the time-of-flight detector system (TOF). The vertex time is determined by the accelerator RF, modulo 2 ns. The identification of the RF beam bucket in which the interaction occurred is accomplished using the time of flight (TOF) of the scattered electron, tracked back to the interaction point. A good timing resolution of the TOF detectors allows clear selection of the correct beam bucket. Thus, the vertex time is determined with the precision with which the beam bucket

FIG. 2.8: Optical arrangement of one of the 216 optical modules of the CLAS Cherenkov counter, showing the optical and light collection components.

time is recorded. The calibration of this system affects the extracted flight time and thus the extracted particle mass. The scintillator counters (paddles) are located between the Cherenkov counters and the electromagnetic calorimeters as shown in Figure 2.9 (left). The TOF system has an excellent timing resolution (σ ≈ 120 ps at forward angles, and σ ≈ 250 ps at angles above 90^∘) and good segmentation for flexible triggering and prescaling. In the final analysis particle identification is achieved by combining time measurements with pulse-height information for time-walk corrections. The TOF system in CLAS covers an area of 206 m^2 and is composed of 5.08 cm thick and 15 or 22 cm wide scintillation counters, covering a range of θ between 8^∘ and 142^∘. The lengths of the counters vary from 32 cm at the most forward angle to 450 cm at larger angles (Figure 2.9, right). Bicron BC-408 was selected as the scintillator material since it yields a single attenuation length of 500 cm and it is possible to fabricate scintillator pieces as long as 450 cm. [65] The system has been designed to optimize the time resolution, which varies from about 80 ps for the short counters to 160 ps for the longer ones. This resolution is needed to allow separation

FIG. 2.9: Left: Schematic cross section of CLAS, showing 3 layers of drift chambers, time of flight walls, Cherenkov counters and calorimeters. The upper and lower cross sections correspond to two of the six sectors of CLAS. Right: View of TOF counters in one sector showing the grouping into four panels.

of pions and kaons up to 2 GeV. A good particle identification is ensured by a good resolution of the time-of-flight measured by TOF detector subsystem together with a good momentum and position resolution obtained from the DC.

2.2.5 Electromagnetic Shower Calorimeter

The forward electromagnetic shower calorimeter (EC) covers polar angles from θ = 8^∘ to 45^∘ with ϕ coverage matched to that of the drift chambers. It is designed to detect electrons above a given threshold, as well as neutral particles (photons and neutrons). An electromagnetic shower is produced in the lead by the electrons passing through the calorimeter. The electrons produced in the shower are then converted by the scintillator strips into light, which is collected by photo-multipliers. A typical electron trigger in CLAS requires a signal based on the total energy deposited in the electromagnetic calorimeter in coincidence with a CC signal in the same sector. Detection of neutrons, and their discrimination from photons, is achieved using time-of-flight measurements. Each sector of CLAS contains a triangular-shaped

FIG. 2.10: Expanded view of one of the six EC modules used in CLAS.

electromagnetic calorimeter that is longitudinally segmented into inner and outer components [66]. Each calorimeter is made of alternating layers of scintillator strips (39 layers of 10 mm thickness ) and lead sheets (2.2 mm thickness) resulting in a total thickness of 16 radiation lengths (see Figure 2.10). The ratio between lead and scintillator thicknesses is 0.2, thus approximately 1/3 of the energy in an electromagnetic shower is deposited in the scintillator. Each layer of scintillators is laid parallel to one of the three sides of the triangular container and the width of the strips increases through the stack. Each scintillator layer is further segmented into 36 strips approximately 10 cm wide with single sided readout in one of three views. The three views are oriented approximately in the direction 0^∘, 120^∘ and 240^∘ around the normal to the target. This provides good granularity and a redundant position measurement for multiple-hit reconstruction. Each of the three orientations (labeled U,V and W) contain 13 layers that provide stereo information on the location of the energy deposition [66]. Each orientation is further subdivided (i.e., separate

FIG. 2.11: Schematic side view of the fiber-optics readout unit for a single inner and outer stack of the calorimeter module.

readouts) into 5 inner and 8 outer stacks, which provides longitudinal sampling of the shower for better hadron identification. The optical readout of the EC is built from plastic fibers attached to the PMTs in flight-path-compensating geometry as is shown in Figure 2.11. The total energy deposited in the calorimeter is available at the trigger level to reject minimum ionizing particles or to select a particular range of scattered electron energies. Pions are largely suppressed by including an EC total energy threshold in the CLAS hardware trigger. With an overall position resolution of σ=2.3 cm, and time resolution of τ=3 ns, the EC functions are close to its initial specifications.

2.3 Cryogenic Target

The E6 target (Figure 2.12) was positioned in the center of CLAS to allow for the detection of protons of large scattering angles (greater than 90^∘). As little material as possible was used in the back of the target to minimize energy loss of backward-going protons. This unique new target design was expressly built for this

FIG. 2.12: The E6 target features a very small size target cell and a low amount of material in the back of the target for easy detection of the backward-going particles.

experiment. The target cell, made of kapton (7.2 mg/cm^2) had a diameter of 1.2 cm upstream and 0.7 cm downstream. A conical shape was chosen in order to allow the bubbles formed in the target material, due to electron beam heating, to escape out the back of the cell more efficiently. The entrance and the exit windows were made out of aluminum with a thickness of 15 μm and a diameter of 4 mm. The target cell was 5 cm long and thermally insulated by 5 layers of combined aluminized mylar and cerex. The target cell was installed in a scattering chamber which was placed under vacuum. The scattering chamber was made of polyurethane foam (64 mg/cm^2) covered with a nylon safety sock (see Figure 2.13). The exit tube was made of carbon fiber and was connected to the scattering chamber with epoxy. The scattering chamber exit window was a 71 μm thick aluminum foil. The target cell

FIG. 2.13: Schematic view of the scattering chamber, and the liquid hidrogen/deuterium target.

was filled with either liquid hydrogen or liquid deuterium. The nominal parameters for hydrogen (deuterium) were 20 (22) K temperature, 1100 (1315) mbar pressure, and 0.0711 (0.162) g/cm^3 density.

2.4 Event Trigger and Data Acquisition

The data for this experiment were collected during a six week period, as part of the E6 group run, from January 30th through March 16th, 2002. We used a polarized electron beam with an energy of 5.765 GeV and an average current of 8 nA. Under these conditions, the luminosity of the liquid deuterium target was 1.1 × 10^{34} cm^{−2} · s^{−1}. Two configurations of the main torus magnetic field were used: in-bending (negatively charged particles are bent toward the axis of CLAS) and outbending (negatively charged particles are bent away from the axis of CLAS). For the analysis of this thesis we used only the in-bending data because we were interested in high Q^2 with good statistics. Data were selected for the analysis using the Level-2 trigger and the downscaled trigger bits 7+8 for later calibrations. The Level-2 trigger

Trigger Bit Prescaled CC [mV] EC_{inner} [mV] EC_{tot} [mV] Level 2 1-6 1 100 72 72 yes 7 10 20 72 172 no 8 100 0 0 80 no

TABLE 2.1: The E6 trigger setup. Trigger bits 1 through 6 corresponds to each sector of CLAS and required a minimum 1 photo-electron (equivalent of 100 mV) threshold for the CC, and a threshold in the EC (shown in column three and four). Trigger bits 7 and 8 were prescaled as shown in column two, and were added for CC and trigger efficiencies studies.

Target Torus Current [A] Data [mC] Data [mil. trigg.] LD_2 2250 9.4855 4055.43 LD_2 -2250 0.7793 452.87 LH_2 2250 0.6622 209.31 LH_2 -2250 0.2436 66.14 Empty 2250 0.9387 77.83 Empty -2250 0.4703 77.51 Total LD_2 - 10.2448 4508.3 Total LH_2 - 0.9058 275.45

TABLE 2.2: Summary of E94-016 experiment data taking. The settings of the torus magnetic field are shown in the second column for liquid hydrogen target (LH_2), liquid deuterium target (LD_2), and empty targets (Empty). The accumulated charge and the number of triggers are shown in columns three and four, respectively.

requires a minimum of 500 MeV energy deposited in the electromagnetic calorimeters

(EC), more than one photo-electron observed in the Cerenkov counters (CC), and

at least two track segments (out of 5 possible super-layers) observed in the same

sector. If any of the six sectors of CLAS sees this trigger, the corresponding trigger

bit (1 through 6) is set. For efficiency studies of the CC, another auxiliary trigger

bit (trigger bit 7) was used, with low threshold and no track segments required.

Finally, we had one more trigger bit (trigger bit 8) that simply requires a signal

above 250 MeV in the EC. This trigger was used to give us an unbiased sample of

FIG. 2.14: The upper plot shows the Trigger Level 2 efficiency as a function of electron momentum. The lower plot shows the Trigger Level 2 efficiency as a function of electron polar scattering angle.

all particles, including pions. Trigger bits 7 and 8 were heavily prescaled, by factors of 10 and 100, respectively. A summary of all the settings for our trigger is presented in Table 2.1. The efficiency of our trigger was defined as the ratio of data with the first six trigger bits set to data with just trigger bit 8 set for the momentum and polar angular distributions of the detected electron. An efficiency of 98% was found for our trigger (see Figure 2.14). During the experimental run we have collected approximately 4.5 × 10^9 triggers and accumulated a total charge of 11.1 mC, using two magnetic field configurations and two target materials: liquid hydrogen (LH_2) and liquid deuterium (LD_2). Table 2.2 presents a summary of the accumulated data during the E6 run period.

CHAPTER 3

Data Processing

3.1 Detector Calibrations

The raw data for every event accepted by our trigger was recorded on magnetic tapes using the Hall B CODA Data Acquisition System (DAQ). Data was stored in runs broken up into approximately 30 files. During the experiment specific runs were taken for calibration purposes. Careful calibration of each detector system is crucial for good detector resolution and particle identification. Each detector system has his own calibration procedure developed by the CLAS collaboration over the past seven years of operation. The calibration data were processed with the CLAS event reconstruction software RECSIS and then stored in BOS format. After calibration of each subsystem of CLAS new calibration constants were extracted and saved in an interactive MySQL database used further by the reconstruction software to identify the tracks and the event information. The calibration of each detector was a timeconsuming procedure performed by A. Klimenko for the DC system, L. Kramer for the EC system, A. Vlassov for CC detector system, and C. Butuceanu for the TOF system. These procedures are described briefly in this chapter.

3.1.1 Drift Chamber Calibration

The Drift Chambers (DC) measure the momentum of a charged particle by tracing its trajectory through the magnetic field. When a particle travels through the DC, each of its 34 wire layers should produce a signal (called a “hit”). Due to inefficiencies or dead wires in the DC, an average of 30 hits per track are obtained. The raw DC data is a collection of TDC measured drift times corresponding to each hit in a drift cell. The drift times are converted into a distance of closest approach

FIG. 3.1: Hit position versus drift time for Super-layer 5, Sector 4. The vertical axis is defined by the distance (cm) from the track to the sense wire, and the horizontal axis is defined by the drift time (ns). Reconstructed data using a previous parametrization is represented here by the points. The fit function is used for the final reconstruction.

(DOCA) defined as the shortest distance from a track to a sense wire using the drift velocity. The DC calibration parameterizes the drift distance as a function of drift time for each super-layer in each sector [67]:

x(t) = v_0t + μ ( t t_{max} )_q + κ ( t t_{max} )_p (3.1)

where t_{max} is the drift time of the electron along the longest path from the farthest

corner of the cell, v_0 is the value of the saturated drift velocity near t = 0, μ and κ, q

and p are parameters determined from the fit shown in the Figure 3.1. This function

relates the time it takes from the moment the track passed through the drift chamber

(estimated initially from the β obtained from hit-based-tracking system described

below and the path length from the track’s origin to the drift cell) to the moment

when the sense-wire fired, calculated from the TDC, to the distance the hit occured

from the wire. The conversion from the drift time to the distance of closest approach

FIG. 3.2: The field configuration inside Region 3 (left panel) and inside Region 2 (right panel) of the DC, is shown with solid lines. Dashed lines represents track positions with the same drift time, so-called isochrones. Region 2 field lines are distorted due to their location within a toroidal mixed electro-magnetic field. The plots are from Ref. [64].

is complicated due to the strongly varying electric fields in each drift cell. Fig. 3.2

shows the field lines (solid-lines) and isochrones (dashed-lines), points of equal drift

time, for cells in Region 3 (left) and Region 2 (right). Due to the location of Region

2 in the toroidal mixed electro-magnetic field, the effective field lines are distorted as shown in Fig. 3.2 (right). The tracking process requires that hits be adjacent to one another and that there be at most one layer missing from within the super-layer. Segments of adjacent hits are then compared sector by sector against a previously

FIG. 3.3: Drift Chamber residuals plotted as a function of the calculated fit DOCA, for Sector 1, Run no. 31956.

generated map of linked segments associated with simulated tracks. At least five of the six super-layers of the DC, must contain a segment for a track to be fit. After an initial guess, the so-called Hit-Based-Tracking (HBT) procedure is performed. HBT uses each hit to determine a particle’s track via a least squares fit that minimizes the sum of the squares of the closest distance between each hit wire and the track [64]: χ^2 = ∑ i (d^i_{DOCA})^2 σ^2_{HBT}

(3.2) where d_{DOCA} is the distance of closest approach of the track to the closest sense wire in the i-th layer of the DC and σ_{HBT} is set to the size of the drift cell. The results of the hit-based-tracking is then passed on to the time-based-tracking (TBT) routine which performs a similar fit to the tracks, but now χ^2 is defined as:

χ^2 = ∑ i |x^i_{driftDOCA} − x^i_{fitDOCA}|^2 σ^2_i

, (3.3)

where x^i_{driftDOCA} is the drift distance corresponding to the drift time for the i-th wire hit, x^i_{fitDOCA} is the distance of closest approach of the trial trajectory for the i-th wire and σ_i is the uncertainty in x^i_{driftDOCA}. The distance calculated from the track

FIG. 3.4: DC residual resolutions plotted as a function of run number. Different colors correspond to each of six super-layers of the DC.

fit to each sense-wire is called the fit DOCA. The difference between the absolute value of the calculated DOCA and the absolute value of the fit DOCA is defined as the residual for each cell and is the primary unit of measuring the resolution of DC detector system. A properly calibration of DC system should result in a flat dependence of residuals on drift time and the calculated distance. An example of residual versus calculated DOCA is shown in Fig. 3.3 for Sector 1, Run no. 31956. For this data set a good resolution in DC was achieved as shown in Fig. 3.4.

3.1.2 Time-of-Flight System (TOF) Calibration

Particle identification relies heavily on measured charged-particle momenta from the drift chambers and the flight time determined using the TOF counters. Good timing resolution is therefore crucial for determining hadron masses, and a good calibration of the TOF system is required. The calibration procedure requires several steps described below:

• Amplitude-to-Digital Converter (ADC) thresholds were determined using a dedicated DAQ configuration. The measured pulse heights were calibrated using the minimum ionizing particles peak (MIPs), and then used to reconstruct the energy deposited in the scintillators (see Figure 3.7). The constants for each ADC pedestal were saved in the calibration database.

• Time-to-Digital Converter (TDC) calibration was realized by measuring the response of each TDC channel for different delays between the start and stop signals and converting them into time (ns) using a quadratic function [65]:

t = c_0 + c_1T + c_2T^2 (3.4)

where typical values of c_0 ∼ 1 ns, c_1 ∼ 0.0495 ns per channel, and c_2 ∼ 5 × 10^{−8} ns per channel^2. The constants were constrained such that the average of the 64 channels for each FASTBUS card was zero.

• Time-walk corrections account for the dependence of leading-edge discriminator timing on signal pulse height. The correction constants were obtained with laser systems which delivered a light pulse to the center of each counter. The dependence of pulse timing on the pulse height is shown in Figure 3.5. This de-

FIG. 3.5: Pulse height as a function of time-walk (solid boxes) and the fitting function (solid line) for Sector 1, Paddle 1, left PMT. Data were obtained from the laser calibration data.

pendence was obtained using a filter which varied the amount of light delivered to each counter. The measured time corresponds to when a photomultiplier (PMT) pulse crossing a fixed (leading-edge) voltage threshold. To correct for time-walk, we performed software corrections of the form:

T_w = t − f_w ( A − P V_T ) + f_w ( 600 V_T ) (3.5)

where A is the ADC pulse height corrected by subtracting the ADC pedestal P threshold, V_T is the leading-edge discriminator threshold (20 mV) which corresponds to ≈ 35 ADC counts, and f_w is the time-walk-correction function. The peak of the energy loss of MIPs is nominally set to 600 ADC counts by adjusting the PMT high voltage. This form will result in t_w = t for MIPs pulses. The procedure basically extracts four constants for each PMT: w_0, w_1, w_2, w_3 which

adjust the time-walk correction function f_W to the required dynamic range [69]:

f_w(x) = w_1 + w_2 x^{w3} if x = A − P V_T < w_0, f_w(x) = w_1 + w_2 w^{w3}_0

(1 + w_3) − w_2w_3 w^{w3+1}_0 x if x > w_0. (3.6)

The four fit parameters are then updated in the CLAS calibration database to

be used for time-walk corrections during the final particle ID reconstruction.

FIG. 3.6: The time difference between the response of the left and right PMTs located on the ends of each TOF counter plotted versus scintillator number (1 - 48), for each sector of CLAS, after left-right alignment calibration. The empty spaces represents the malfunctioning TOF scintillators excluded from the analysis.

• The left-right alignment corrects for different time delays of the signals from the

left and right PMTs located at opposite ends of each scintillator. A good calibration of these timing responses is crucial for determining the hit position along the scintillator and reconstructing the correct final time of flight. In Figure 3.6 the time difference after left-right calibration between the left and right PMTs is plotted versus scintillator number . We can see that some of the TOF counters give no signal (empty spaces) which means that they malfunctioned during the experiment and were counted as “dead” in the calibration database. In addition we can see that a few TOF counters were miscalibrated (distributions are shifted left or right) because one of the PMTs (left or right) did not function properly during the experiment. Those TOF counters were excluded from final data analysis.

• The energy is estimated by evaluating the geometric mean of pulse height from right and left PMTs. The calibrated ADC pulse height is used to reconstruct the energy deposited in each of the scintillators. The energy loss of protons increases linearly at low momentum until they begin penetrating the scintillators, at which point the energy loss can be estimated with the Bethe-Bloch formula. As we can see in Figure 3.7 the pions and protons which produce different ADC pulse heights are clearly distinguished for momenta between 0.3 and 1 GeV/c. A weak deuteron band can be seen in the plot as well.

• Light traveling through a scintillator is attenuated. Thus, the attenuation length for each side (λ_L, λ_R) of the TOF counter can be determined using the pedestal corrected ADC values (A_L, A_R) in units of MeV (E_L, E_R) and the y position along the paddle relative to the center of the paddle from time of flight [65]:

A_L − P =

M0_L k · E_Le^{−y/λL} , y = v_Lv_R(T_L − T_R) v_L + v_R , A_R − P =

M0_R k · E_Re^{−y/λR} , (3.7)

FIG. 3.7: Energy deposited in a TOF scintillator as a function of particle momentum for an empty target. Protons and pions can be distinguished, as well as a faint deuteron band.

where k = 10 MeV correspond to the MIP peak value in units of MeV at the center of each paddle, M0_L (M0_R) is the pulse height normalization, T_L (T_R) is the walk-corrected time in ns for left (right) tube and v_L (v_R) is the speed of light propagation towards the left (right) end of the TOF paddle. There are cases when both left and right signals are present for a paddle, when just signals from one side are presents and when only one TDC was functioning. The calibration software tries to accommodate all these cases using information from left and right PMTs for each TOF counter whenever possible. The status of each PMT and counter is reported in the calibration database and taken in consideration in the final particle ID reconstruction.

• The effective velocity v_{eff} of scintillator light for each counter was defined as: t_L = t_0 + y/v_{eff} , t_R = t_0 − y/v_{eff} , (3.8) where t_0 is the time at the center of the counter, t_L (t_R) is the time recorded in the left (right) PMT and y is the position of the hit along the length of the scintillator determined from tracking. We used a fit to the time difference between right and left tubes plotted as a function of hit position y to extract the effective velocity v_{eff} for each scintillator counter.

• RF Offset Calibration: The Radio Frequency (RF) signal from the accelerator is used to adjust the time delay for individual scintillators with respect to each other. As previously mentioned, the beam is delivered to Hall-B in bunches with a frequency of 499 Hz, which corresponds to a time interval (ΔT) of ≈ 2 ns between two separate bunches of electrons. The reaction ep → eπX was used to determine the time delay between the 288 counters by comparing the time from a TOF counter to the RF beam time. The difference between the vertex time of pions or electrons reconstructed from the TOF measurements and the time of the RF bunch was calculated and then was divided by 2.004 and the reminder was taken as the RF offset correction to the TOF time: T^{offset}_{RF} = mod ( T_{sc} − T_{flight} − T_{rf} + 100 · ΔT ΔT ) − ΔT 2 , (3.9) where ΔT =^3_{νacc} is the RF beam time interval, T_{sc} is the time in nanoseconds measured by the TOF scintillator, T_{flight} = l_{el}/β_{el} · c is the calculated flight time for the scattered electron from the vertex to the TOF scintillator, and T_{rf} is the RF beam time for a particular bunch. The calibration of each individual TOF counter depends on the RF signal itself. Figure 3.8 shows the RF offset plotted as a function of RF beam time before (upper plot) and after (lower plot) a proper calibration.

FIG. 3.8: The RF offset plotted as a function of RF beam time before (upper plot) and after (lower plot) corrections.

• Paddle-to-Paddle Corrections: After RF offset corrections there is still 2.0004 ambiguities since the actual beam bunch, which caused the recorded event, was unknown. In order to correct for these ambiguities, electron-pion coincidence events were used. The calibration constants for each paddle were determined, modulo 2.004 ns, by requiring that the two reconstructed tracks have a common vertex time. These constants were updated in the calibration database, and the procedure was repeated several times, thereby improving as much as possible the quality of this calibration and the TOF detector resolution. Once all aspects of the TOF calibration have been resolved, the RF offset distribution should be peaked at zero and should have a sigma in the range of 150 to 200 ps (see Fig 3.9). The resolution of the RF offset peak for each individual counter sets the resolution for that counter. Knowing the trajectory and the momentum of a particle (using DC information) we can compute the mass by knowing the correct time of flight.

FIG. 3.9: The RF offset (black histogram) for Run no. 31935, after corrections, fitted with a Gaussian function (red curve). Data were taken at a beam energy of 5.764 GeV.

The quality of the TOF calibration is reflected in the reconstruction of detected particles (momentum, mass, velocity). As is shown in Figure 3.10 an average resolution of 160 ps was obtained for this data set.

3.1.3 Electromagnetic Calorimeter Calibration

A good calibration of the Electromagnetic Calorimeter (EC) is very important in the detection of electrons and discrimination of neutral particles (photons and neutrons). To calculate the energy of neutral particles we use their time of flight. In this procedure we use the electron arrival time measured by both the EC and the Scintillator Counters (SC), and match the two measurements under the assumption

FIG. 3.10: The mean (left) and sigma (right) of the RF offset distribution after TOF calibration versus run number. An overall TOF resolution of 160 ps was obtained.

that the time of flight is accurately measured. EC time is given by:

t_{EC} = t_{TOF} + d_{SC−EC} v · cos(α)

, (3.10)

in which t_{TOF} is the arrival time of the electron measured by the TOF detector system, d_{SC−EC} is the distance between SC and EC layers, v is the electron velocity which is close to the speed of light, and α is the impact angle to the EC plane (see Figure 3.11). The calibration involves fitting the reconstructed particle arrival time measured by the EC:

t_{EC} = a_1 + a_2 · TDC + a_3 √ ADC + a_4 · l^2 + a_5 · l^3 − l v_{eff}

, (3.11)

in which a_i are five fit parameters, TDC and ADC are the TDC and ADC channels, l is the length from the hit point to the readout edge, and v_{eff} is the effective velocity of the light passing through the scintillator material. The first two terms (a_1 + a_2 · TDC) represent the linear TDC response; the third term (a_3/ √ ADC) is the correction for time-walk; the fourth and fifth terms (a_4 · l^2 + a_5 · l^3) are small corrections due to the difference between the arrival times at the readout edge for

FIG. 3.11: Schematic of EC/SC timing. Using the corrected TOF time we extrapolated the EC arrival time. Here d_{EC−SC} is the distance between the EC layer (inner or outer) and the TOF counter, α is the angle of impact of the electron with the EC plane and l is the length from the hit point to the readout edge along the scintillator bar.

the scintillator bars that are connected to the same PMT; and the last term (^l_{veff} ) is compensation for transit time through the scintillator material from the hit position to the readout edge. The difference between the electron arrival time reconstructed using Eq. 3.10 and the time extrapolated from the SC time using Eq. 3.11 is shown in the Figure 3.12 for Run no. 31567 for each sector of CLAS. The EC time resolution shown in Fig. 3.12 remained ≈ 400 ps for the entire run period.

FIG. 3.12: After EC calibration the distribution of time difference between EC time and SC had a width of ≈ 400 ps. Here is shown the EC - SC time distribution for Run no. 31567.

3.2 Data Selection

The raw data is stored on magnetic tapes in a mass storage system called the SILO. The data are divided in runs of approximately 30 files and consecutively numbered in such a way that they can be identified with a specific time period during the experimental run. The CLAS detector is a complicated system and perfect operation is almost impossible. During a run of several months the conditions can change and thus the quality of the recorded data may change. The first step of analysis was to run the entire data set through the reconstruction code RECSIS which turns raw detector signals into physical variables (momentum, charge, scattering angle) for each detected particle and puts this information into BOS format files. In order to study the quality of our data we performed several checks over the entire experiment. The first check was to monitor the electron rate dividing the number

FIG. 3.13: The sigma of EC timing plotted as a function of the run number each of CLAS. The resolution was typically below 400 ps through the entire E94-019 experiment.

of electrons N_{el} by the accumulated beam charge, for each sector and file: N = N_{el} Q_{FCG}

, (3.12)

in which Q_{FCG} is the charge read from the live-time gated Faraday Cup. Live-time gating means that the signal is only integrated during the time the data acquisition system is live. In this way, the charge is already corrected for the data acquisition system (DAQ) dead-time. The fact that the electronics read the accumulated charge on the Faraday Cup only every 10 seconds contributes 0.4 % to the systematic error. Figure 3.14 shows the evolution of the electron rate as a function of run number separately for each sector, over the entire run period. This ratio was stable during to whole experiment with the exception of Run no. 31970– 32094 where the efficiency of Sector 6 dropped significantly due to dead wires in Region 1 of the DC. The data corresponding to Sector 6 for these runs were excluded from the analysis and an

FIG. 3.14: The number of electrons that passed the ID cuts, normalized to the charge accumulated by the Faraday Cup “live-gated” and plotted as a function of the file number, for each of the six sectors of CLAS over the entire run period.

appropriate correction was made to the cross section normalization. Runs with N less than 2000 for Sectors 1, 2, 3, 4, and 6, were excluded from the analysis. Due to the lower efficiency of the DC in Sector 5, runs with N less than 1800 in this sector were excluded from the analysis. The second qualitative check that we performed was to monitor histograms generated by the reconstruction software RECSIS for each data file. These histograms were designed to monitor the quality of detector calibrations (CC, EC, DC, TOF) and reconstructions of physical observables (invariant mass, momentum, energy, β, missing mass) for different particles (electrons,

Range of Runs Golden Runs Silver Runs Poor Runs 31575 − 31969 3761.56μC 256.739μC 2059.93muC 31970 − 32094 2626.96μC 82.7461μC 366.835μC

TABLE 3.1: Accumulated charge in deuterium in-bending runs. These runs were divided into golden, silver, and poor runs according to their data quality. Accumulated charges for each category are listed.

protons, neutral particles, pions). We checked the quality of these histograms for each data file. Data were selected in three categories: “golden” runs which had no negative comments in the experiment log book and at least 10^6 events (20 files), “silver” runs which had no negative records associated with it in the electronic log book, but had less than 20 files per run, and “poor” runs which had problems mentioned in the log book or low and high voltage trips in DC and TOF systems. Poor runs were not used for calibrations, but were included in the data analysis if they passed all the quality requirements mentioned here. The accumulated charge for different run ranges and quality are shown in Table 3.1.

3.3 Electron Identification

The hardware trigger, Level 2 was formed from a coincidence of signals in the electromagnetic calorimeter (EC) and the Cherenkov counters (CC), together with a good track candidate in the DC. The reconstruction software RECSIS has a more rigorous definition of an electron candidate, and rejects ≈ 50% of the events that passed the hardware thresholds. In this case a “good” electron is a negatively charged particle that satisfies the following criteria:

• it has a good reconstructed track in the DC.

• it gives a hit in the CC and EC in the same sector.

• it passes the cut on the minimum energy deposited in the EC calorimeter.

• it passes the sampling fraction E/p cut.

• it satisfies the Cherenkov photo-electron cut.

• It is contained within the vertex cut.

A detailed description of the EC and CC cuts, applied in identification and selection of the electrons, is described in the following subsections.

3.3.1 Fiducial Cuts

Fiducial cuts are applied to eliminate inefficient regions of the CLAS detector systems. A good separation of electrons from pions relies heavily on a good efficiency of the CC. In order to reduce the pion contamination of the recorded raw data set, a threshold of 100 mV was set for the signal in the Cherenkov Counters. This signal corresponds on average to one photo-electron registered by the PMT. A set of cuts on polar and azimuthal scattering angles for different particle momenta and magnetic field settings was made to eliminate the inefficient edges of the Cherenkov detector [70]. The efficiency for a given bin in θ and ϕ can be written in terms of the expected average number of photo-electrons (μ) and the minimum CC threshold in photo-electrons (N_{cut}) as,

ϵ_{CC} = 1 − n<N_{cut}∑

n=0 μ^ne^{−μ} n! (3.13)

For electron momenta below 3.0 GeV/c, a software threshold was set at 2.5 photoelectrons. At this threshold the CC efficiency is greater than 80%. Using Eq. 3.13 we required an average expected signal of 5.4 photo-electrons. This number was extracted from A. Vlassov’s simulation [64] which was calibrated using real data. The average number of expected photo-electrons was plotted in the θ_{el} -ϕ_{el} plane for

FIG. 3.15: The polar angle versus the azimuthal angle for scattered electrons from the regions where the Cherenkov counter efficiency was greater than 80%. The boundaries of the geometrical fiducial cut applied for 8 momentum bins from 0. to 5. GeV/c for Sector 1 are outlined with solid lines. Events inside these boundaries were accepted.

each of six momentum bins between 0. and 3. GeV/c (as shown in the Figure 3.15, left) and inefficient regions of the Cherenkov counter were identified.

The fiducial cut was designed as the geometrical boundary of the high efficiency region of the Cherenkov counter and was defined on a sector-by-sector basis as follows:

18^∘ − Δϕ < ϕ_{sect} < 18^∘ + Δϕ and θ_{cut} < 45^∘, (3.14) where ϕ_{sect} is the electron azimuthal angle in sector coordinates (from 0^∘ to 30^∘) and θ_{cut}(P_{el}) = a_1 + a_2 · I_{torus} 3375 · (P_{el} + a_3) , Δϕ(θ_{el}, P_{el}) = a_4 · sin(θ_{el} − θ_{cut})^η,

η = 0.33 · ( P_{el}

3375 I_{torus}

)_{0.33} . (3.15)

Here a_1, a_2, a_3, a_4 are parameterization constants, I_{torus} is the torus current, P_{el} is the reconstructed electron momentum, θ_{el} is the polar angle of the detected electron (in radians), and θ_{cut} is the edge of the cut in polar angle (in radians) of the detected electron.

P_{el} (GeV/c) a_1 a_2 a_3 a_4 p_{el} < 3.0 12.0 25.0 0.22 35.0 p_{el} > 3.0 11.5 22.5 0.17 42.0

TABLE 3.2: Coefficients a_1, a_2, a_3, a_4 from Eq.Eq. 3.15 for low momentum (P_{el} < 3.0 GeV/c) and high momentum (P_{el} > 3.0 GeV/c).

For the high momentum particles (P_{el} > 3.0 GeV/c) a software cut of 1 photoelectron was used. Using Eq. 3.13, at this threshold we required an average signal of 3.3 photo-electrons, to obtain an efficiency greater than 80%. The same procedure as mentioned above was used to obtain the geometrical fiducial cut parameters as shown in Figure 3.15 (right). The parameters for both cases are summarized in Table 3.2. Additional cuts were applied to the electron polar scattering angle to account for unstable regions of CLAS observed in the actual data sample. These additional “holes” are due to TOF paddles or DC regions that malfunctioned during the data taking. They are summarized in Table 3.3.

Sector 3^{11} 0.15+P_{el}·I_{max}/I + 20.2 < θel < 11 0.15+P_{el}·I_{max}/I + 22.2

Sector 5^7_{0.9+Pel·Imax/I} + 16.7 < θ_{el} <^7_{0.9+Pel·Imax/I} + 20.9 7 1.5+P_{el}·I_{max}/I + 23.5 < θel < 10 1.5+P_{el}·I_{max}/I + 26.2 10 0.9+P_{el}·I_{max}/I + 29 < θel < 10 0.9+P_{el}·I_{max}/I + 30.5

Sector 6^{13} 0.1+P_{el}·I_{max}/I + 18.5 < θel < 12 0.1+P_{el}·I_{max}/I + 23 12 0.15+P_{el}·I_{max}/I + 24.2 < θel < 10 0.15+P_{el}·I_{max}/I + 28.7 10 0.19+P_{el}·I_{max}/I + 29.8 < θel < 10 0.19+P_{el}·I_{max}/I + 31.7 7 0.35+P_{el}·I_{max}/I + 41 < θel < 7 0.35+P_{el}·I_{max}/I + 43 70 1.5+P_{el}·I_{max}/I − 15 < θel

TABLE 3.3: Excluded angular regions for Sectors 3, 5 and 6. Here θ_{el} is the electron polar scattering angle in degrees; I_{max} = 3375A is the maximum value of the torus current; I = 2250A is the actual torus current for this experiment, and P_{el} is the electron momentum.

3.3.2 Electromagnetic Calorimeter Cuts

Pions can produce more than 2.5 photo-electrons in the most efficient region of

the Cherenkov detector, by Cherenkov radiation for P > 2.5 GeV/c or by electron

knock-out for P < 2.5 GeV/c. Cuts applied on the sampling fraction (defined as the

ratio between E and P ) in the Electromagnetic Calorimeter can reduce drastically

the negatively charged pion contamination (π^−) of our main trigger (electron).

FIG. 3.16: Sampling fraction of the total energy deposited in the EC plotted as a function of sampling fraction of the energy deposited in the inner layer of the EC for momentum range from 1 GeV/c to 5 GeV/c. The EC cut on the sampling fraction is represented by dotted lines.

We plotted the total energy deposited by the first particle reconstructed in each event (E_{tot}) as a function of the energy deposited in the inner layer of EC (E_{inner}), both normalized to the momentum of the detected particle measured by the DC. As a result, we obtained a good separation of the detected electrons from the pion background due to the fact that pions (electrons) have a small (large) sampling fraction. Several momentum bins have been selected to reflect both low (see Figure 3.16, upper panel) and high (see Figure 3.16, lower panel) electron momenta. We can see in Fig. 3.16 the pion tail located at lower sampling fraction values (E_{inner}/P < 0.1) while the electron sample peak can be seen at larger sampling fraction values (E_{inner}/P > 0.1). For our data we applied the cuts E_{tot}/P > 0.22 and E_{inner}/P > 0.08 for good electrons.

3.3.3 Pion Contamination

Cherenkov counters can distinguish between electrons and pions because of the higher momentum threshold for pions (2.7 GeV/c) compared with electrons (9 MeV/c). Inefficient regions in the Cherenkov counters were removed by the fiducial cuts described earlier. Therefore, particles that produce a small signal in the CC were assumed to be pions misidentified as electrons. Two cuts on the number of photoelectrons detected in the CC were applied depending on the scattered electron’s momentum:

• For P_{el} < 3 GeV/c, events with N_{phel} > 2.5 were accepted.

• For P_{el} > 3 GeV/c, events with N_{phel} > 1 were accepted.

By using these cuts as part of the particle identification we rejected some of the electrons that did not have a high enough signal to pass the EC and CC ID cuts. A fraction of pions, on the other hand, did pass the ID cuts and they contaminate the data sample. Both cases need to be considered for the final counting. By simulating a pure sample of electrons and obtaining the CC response in the region where the CC cut was applied we can estimate the loss of good electrons due to those cuts (see Figure 3.17 left and right). An efficiency of ≈ 90% was obtained for the CC

FIG. 3.17: The Cherenkov response to a simulated electron data sample (solid line) together with the measured Cherenkov response to real data (solid triangles) for two electron momentum ranges 1 < p_{el} < 1.5 GeV/c (left panel) and 1.5 < p_{el} < 2 GeV/c (right panel).

photoelectron cuts above. Using a selected sample of pions we obtained the pion contamination rate of our sample. The Cherenkov photoelectron spectrum for measured electrons was fitted using the sum of the simulated CC response distribution for pure pion sample (scaled by a factor A) and the simulated CC response distribution for ideal electrons with no pion contamination (scaled by a factor B) as shown in the Figure 3.18. The pion spectrum, normalized to the measured CC spectrum, was integrated above the CC cuts (2.5 and 1 photo-electrons corresponding to different momenta ranges) and used to estimate the pion contamination rate of the measured data sample after applying all ID cuts. The total fraction of pions to electrons was estimated for the electron momentum range 1 − 2.6 GeV/c, and was fitted with the function^{Nϕ}_{Nel} = ae^{bPel} (see Figure 3.19). The same functional form

FIG. 3.18: The Cherenkov counters response to measured electrons (solid line) compared to a simulation for pions (dashed line) and electrons (dash-dotted line).

was used for determining the pion contamination for P_{el} > 3.0 GeV/c. In parallel a study of EC cuts efficiency was performed [70]. An efficiency of ≈ 95% for the sampling fraction cuts was found.

3.3.4 Contamination from e^+e^− Pair Production

Pair-symmetric leptons (e^+e^−) in CLAS come largely from π^0 → γe^+e^− processes (Dalitz decay), from bremsstrahlung photons generated in the target or by γγ decays with one of the photons converting to e^+e^−. Following the procedure described in Ref. [71] we evaluated the level of contamination due to electron-positron pair production in our electron data sample by analyzing runs taken with identical beam energies but opposite torus polarity. In this way the detector acceptance canceled out in the ratio of rates of positrons with negative torus polarity and electrons with positive torus polarity, and similarly for positrons with positive torus polarity to rates of electrons with negative torus polarity. The rates were determined using

FIG. 3.19: Fit to measure π/e ratios after the CC cut. The curves correspond to different electron polar angles. The plot is from Ref. [70].

the ratio of events passing our electron ID and fiducial cuts, divided by the live-time corrected Faraday Cup readings. Three types of particle identification were used: A) electrons using the ID cuts described earlier in the section, B) pions using the CC photo-electron cut (0.3 < N_{phel} < 1.5), and C) electrons using a hard cut N_{phel} > 6. The out-bending data were used to produce the same plots for positrons as in the electron case. For these data the “positron trigger” required the first particle in each event to have a positive charge and hits in both the CC and EC detector systems. Histograms obtained using ID setting A were fitted with the sum of B and C histograms (see Figures 3.20, left and right). The integral of histograms obtained using ID setting B for the positrons were then used as a number of electrons coming from e^+e^− pair production. The same sets of histograms for the electron were used as denominator in the e^+e^− ratio. This study is explained in more detail in Ref. [70]. The ratios obtained were fitted as a function of the electron scattering angle and momentum, resulting in a parameterization over all momentum and angular ranges.

FIG. 3.20: Electron (left) and positron (right) histograms of EC_{total}/P_{el}. Black circles, dot-dashedlines, dashed lines and black solid lines correspond to ID cuts A, B, C and B+C, respectively. Plots are from Ref. [70].

The ratio was fit to^{e+}_{e−} = ae^{−bPel} (see Figure 3.21). Parameters a and b were then fit with 3rd and 5th order polynomials in scattering angle. The extracted correction function was applied event by event to the data.

3.3.5 Electron Vertex Correction

Due to a possible beam offset there is an azimuthal angular dependence of the reconstructed electron vertex Z_{el}. This dependence is a result of the tracking reconstruction code which calculates the vertex of the particle by extrapolating the track to the nominal beam axis. In order to apply the same sets of vertex cuts for all six sectors, we performed a geometrical correction to align the reconstructed vertices:

Z_{corr} = Z_{rec} + r tan(θ) cos(ϕ − ϕ_{beam}) (3.16)

FIG. 3.21: The fit of the momentum dependence of the positron to electron ratio, for one of several bins in electron scattering angle. This result is from Ref. [70].

where Z_{corr} is the real vertex position along the target axis from where the detected electron have originated, Z_{rec} is the initial reconstructed electron vertex, θ and ϕ are the polar and the azimuthal electron scattering angles, and r is the distance from the axis, along the target, to the actual beam line. The beam offset, defined by ϕ_{beam} and r, is obtained from the fit to the distribution of the average vertex position over all sectors. The electron vertex distribution before and after vertex corrections is shown in Figure 3.22.

3.3.6 Electron Vertex Cut

An electron vertex cut is required in order to remove events that came from the target walls, the scattering chamber or the entrance and exit foils. An electron vertex cut from −2.0 to 1.5 cm relative to the center of CLAS was applied as shown in Figure 3.23. An additional cut of minimum scattered electron momenta of 1 GeV/c was applied in order to reject the sample of data with high levels of pion and

FIG. 3.22: The electron Z vertex distribution before (left) and after (right) corrections. The upper panel shows histograms of Z, whereas the lower panels show the azimuthal angular distributions of the Z.

e^+e^− contamination.

3.4 Proton Identification

3.4.1 Time-of-Flight Back-Paddle Correction

In this analysis we are focusing on protons at large scattering angles (> 50^∘), and the accuracy of detecting them relies heavily on the accuracy of the TOF detector system. Due to the geometry of CLAS, at larger scattering angles the resolution of the TOF system degrades as the lengths of the scintillators increases. Moreover the large-angle paddles (no. 40 to 48) are composed of two scintillators coupled (glued) together and the time response of each half is different (Figure 3.24). This

FIG. 3.23: The electron vertex cut. A vertex cut −2 < v_z < 1.5 cm is required to eliminate the target wall contribution.

feature, and the fact that the number of backward going particles used to calibrate the coupled paddles is extremely low, makes an accurate calibration difficult. For this analysis a special effort was made to calibrate the coupled paddles in the TOF detector system, corresponding to backward-going protons. This task require: identification and exclusion of the inefficient paddles, and correction of the overall time offset for efficient paddles on a sector-by-sector basis. In order to determine the time offset (Δt_{pr}) between the expected and recorded time of flight (computed from the DC path length, momentum and energy), for each scintillator within coupled paddle, we defined: Δt_{pr} = t_{sc} − t_{start} − r_{sc} P_{pr}/E_{pr}

(3.17) in which t_{sc} is the time recorded by the scintillator counters, t_{start} is the event start time, r_{sc} represents the path-length of the particle from the target to the scintillator plane, and P_{pr} and E_{pr} are respectively the momentum and the energy of the detected

FIG. 3.24: Time offsets for Paddle no. 40 in Sector 2 and Paddle no. 41 in Sector 1 before (left) and after (right) corrections. Here the proton time vertex is plotted versus the scintillator mid plane coordinate.

charged particle (in this case we used large-angle protons). The actual time of flight recorded is corrected by this offset, ultimately improving the time resolution and identification of backward protons. An example of this procedure is shown in Figure 3.25, where the difference between recorded time of flight and expected time of flight is shown as a function of counter mid plane Z coordinate for TOF paddles of Sector 1. We placed protons in the secondary position in each event following the electron. Protons detected in the scintillator counters had to fall within a 12 ns window: from −5.0 to 7.0 ns from the expected arrival time as shown in Figure 3.26.

FIG. 3.25: The differences between expected and recorded times of flight for protons versus the scintillator counter mid plane coordinate Z, before (upper) and after (lower) correction. The time window required for proton ID is shown with dashed-lines in the lower plot.

3.4.2 Proton Vertex Correction

As in the electron case there is an azimuthal angular dependence of the reconstructed proton vertex Z_{pr} due to the beam offset. This dependence results from RECSIS calculating the proton vertex by extrapolating the track to the central axis of CLAS rather than the actual beam axis. Using the same correction function as in the electron case, we found the position of the beam, defined by ϕ_{beam} and r, using the fit to the distribution of average vertex positions for all 6 sectors in CLAS. An offset of r = ±1.8 mm and ϕ_{beam} = −58^∘ (toward Sector 6) was observed. The proton Z vertex distribution and the azimuthal angle ϕ, plotted as a function of Z for the proton vertex before and after corrections, are shown in Figure 3.27.

FIG. 3.26: The time cut window from −5.0 to 7.0 ns (full area) for each sector in CLAS. All the positively charged particles (protons) detected in this time window were selected for this analysis.

3.4.3 Proton Vertex Cut

Detected protons can come from different sources. They could be produced by the target entrance and exit windows, which are made of thin aluminum foil, by the target support structure, or by the target cell walls. In order to select just the protons coming from within the target cell, a proper vertex cut needs to be applied. For slow-moving protons (large scattering angles) the detector resolution is lower than for the fast electrons case, thus a wider vertex cut is required. We applied the proton vertex cut on the Z_{pr} axis of the target, along the beam direction, such

FIG. 3.27: Proton vertex corrections. Upper plots show the uncorrected (left) and corrected (right) Z position of the proton vertex. Lower plots shows the uncorrected (left) and corrected (right) azimuthal angular dependence of the proton vertex.

that −2.0 < Z_{pr} < 1.5 cm as shown in Figure 3.28 (left). The physical re-scattering target is reconstructed from the electron vertex plotted versus the proton vertex and is shown in Fig. 3.28 (right). Another cut was applied such that the difference between proton and electron vertices was between −2.0 and 2.0 cm.

3.4.4 Energy Loss Correction

Protons lose energy as they pass through the target material. To correct for energy loss we used GSIM, a simulation of the CLAS detector based on the GEANT Monte Carlo package. We generated a flat distribution of protons over the entire

109