Isolated Direct Double Photon Production in pp collisions at ps = 1.8 TeV with the DØ Detector

A Dissertation Presented by Wei Chen to The Graduate School in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy in Physics State University of New York at Stony Brook December 1997

State University of New York at Stony Brook The Graduate School

Wei Chen

We, the dissertation committee for the above candidate for the Doctor of Philosophy degree, hereby recommend acceptance of the dissertation.

dissertation director Professor Roderich J. Engelmann Department of Physics

chairman of defense Professor Paul Grannis Department of Physics

committee member Professor George Sterman Department of Physics

outside HEP group Professor Daev Fossan Department of Physics

outside member Doctor John Womersley Fermi National Accelerator Laboratory

This dissertation is accepted by the Graduate School.

Graduate School

Abstract of the Dissertation Isolated Direct Double Photon Production in pp collisions at ps = 1.8 TeV with the DØ Detector by Wei Chen 1997

This thesis reports a measurement of direct double-photon production, pp → γγ + X, in pp collisions at √ s =1.8 TeV with the DØ detector. The data sample corresponds to an integrated luminosity^R Ldt = 82.36 ± 4.40pb�^1. We observe 333 doublephoton candidate events in the region |η^1| < 1.0, |η^2| < 1.0, E^1_T > 14.0GeV, E^2_T > 13.0GeV . This implies a production cross section σ = 8.7 ± 1.5(stat)^{+2.9}�_{3.4}(syst)pb, The four differential cross sections, dσ/dE^γ_T , dσ/dM^{γγ} , dσ/dP^{γγ}_T and dσ/dΔϕ^{γγ} , are compared to the NLO QCD, the Resummed QCD(RESBOS) and the PYTHIA calculations. At the high Q^2 region (corresponding to large P^{γγ}_T ), data agree well with the NLO calculation. At the low Q^2 region (corresponding to small P^{γγ}_T ), the data show reasonable agreement with the Resummed QCD calculation.

To Justin, Nathan and My Mother

Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . xvii 1 QCD and Direct Photon Physics . . . . . . . . . . . . . . . . 1 1.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 The Parton Model and Quantum Chromodynamics . . . . . . 4 1.2.1 Hadron Colliders . . . . . . . . . . . . . . . . . . . . . 4 1.2.2 The Parton Model . . . . . . . . . . . . . . . . . . . . 5 1.2.3 Perturbative QCD and Sudakov Resummation . . . . . 8 1.3 Direct Photon Physics . . . . . . . . . . . . . . . . . . . . . . 12 1.3.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.3.2 Experimental Tests of Direct Double-Photon Production 15

2 Experimental Apparatus . . . . . . . . . . . . . . . . . . . . . 21 2.1 The Fermilab pp Collider Complex . . . . . . . . . . . . . . . 21 2.1.1 Accelerator Concepts . . . . . . . . . . . . . . . . . . . 21

2.1.2 The Tevatron pp collider . . . . . . . . . . . . . . . . . 22 2.1.3 Collider Luminosity . . . . . . . . . . . . . . . . . . . . 25 2.2 The DØ Detector . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.2.1 Coordinate Systems at DØ . . . . . . . . . . . . . . . . 29 2.3 Central Detectors . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.1 Drift Chamber Principles . . . . . . . . . . . . . . . . . 31 2.3.2 Vertex Chamber . . . . . . . . . . . . . . . . . . . . . 34 2.3.3 Central Drift Chamber . . . . . . . . . . . . . . . . . . 36 2.3.4 Forward Drift Chamber . . . . . . . . . . . . . . . . . 39 2.3.5 Transition Radiation Detector . . . . . . . . . . . . . . 40 2.3.6 Central Detector Readout Electronics . . . . . . . . . . 43 2.4 Calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.4.1 Calorimetry Principles . . . . . . . . . . . . . . . . . . 44 2.4.2 Geometry of DØ Calorimeters . . . . . . . . . . . . . . 48 2.4.3 Calorimeter Readout Electronics . . . . . . . . . . . . 54 2.5 Muon System . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 2.5.1 WAMUS System . . . . . . . . . . . . . . . . . . . . . 57 2.5.2 SAMUS System . . . . . . . . . . . . . . . . . . . . . . 58 2.6 DØ Trigger System . . . . . . . . . . . . . . . . . . . . . . . . 58 2.6.1 Level Ø . . . . . . . . . . . . . . . . . . . . . . . . . . 58 2.6.2 Level 1 Framework . . . . . . . . . . . . . . . . . . . . 60 2.6.3 Level 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3 Event Reconstruction . . . . . . . . . . . . . . . . . . . . . . . 65 3.1 Raw Detector Data . . . . . . . . . . . . . . . . . . . . . . . . 66 3.2 Calibration and Run Condition Monitoring . . . . . . . . . . . 66 3.3 Event Vertex Finding . . . . . . . . . . . . . . . . . . . . . . . 68 3.3.1 Track Building . . . . . . . . . . . . . . . . . . . . . . 69 3.3.2 Vertex z-position Determination . . . . . . . . . . . . . 71 3.4 Photon and Electron Identification . . . . . . . . . . . . . . . 72 3.4.1 Preliminary Candidate Finding . . . . . . . . . . . . . 72 3.4.2 Tight Identification Cuts . . . . . . . . . . . . . . . . . 76 3.5 Photon and Electron Energy Scale . . . . . . . . . . . . . . . 84 3.5.1 Calibration at Test Beam Load 2 . . . . . . . . . . . . 85 3.5.2 Energy Scale Carryover and Corrections . . . . . . . . 86

4 Data Sample and Selection Efficiencies . . . . . . . . . . . . 89 4.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4.1.1 Trigger Requirements . . . . . . . . . . . . . . . . . . . 91 4.1.2 Offline Cuts . . . . . . . . . . . . . . . . . . . . . . . . 94 4.2 Geometric Acceptance . . . . . . . . . . . . . . . . . . . . . . 95 4.2.1 Event Generator: PYTHIA . . . . . . . . . . . . . . . 96 4.2.2 Detector Response Simulation . . . . . . . . . . . . . . 97 4.2.3 Geometric Acceptance, A . . . . . . . . . . . . . . . . 98 4.3 Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 4.3.1 Trigger Efficiencies . . . . . . . . . . . . . . . . . . . . 102 4.3.2 Emulated Photons . . . . . . . . . . . . . . . . . . . . 107

4.3.3 Offline Efficiencies . . . . . . . . . . . . . . . . . . . . 108 4.4 Background Subtraction . . . . . . . . . . . . . . . . . . . . . 118 4.4.1 Discriminant Distributions of True and Fake Photon Sam- ples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 4.4.2 Constructing Discriminant Distributions for Double Pho- tons . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 4.4.3 Fitting Double-photon purity α^{γγ} . . . . . . . . . . . . 122

5 Cross Sections and Error Analysis . . . . . . . . . . . . . . . 129 5.1 Systematic Errors . . . . . . . . . . . . . . . . . . . . . . . . . 130 5.1.1 Luminosity and Acceptance . . . . . . . . . . . . . . . 130 5.1.2 Trigger and Offline Efficiencies . . . . . . . . . . . . . . 130 5.1.3 EM Energy Scale . . . . . . . . . . . . . . . . . . . . . 131

6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . 133 6.1 The Differential Cross Sections . . . . . . . . . . . . . . . . . 133 6.1.1 Theoretical Predictions and Comparisons . . . . . . . . 134 6.1.2 Integrated Cross Section . . . . . . . . . . . . . . . . . 135 6.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

List of Figures

1.1 The quark momentum probability density functions (PDF) . . 4

1.2 The gluon momentum probability density function (PDF) . . 4

1.3 A schematic picture of pp collision. The initial partons a and b are carrying longitudinal momentum P_z = xP according to parton density functions F_{a/P} (x_a, Q^2_a) and F_{b/P} (x_b, Q^2_b ). They radiate soft gluons before the collision. The hard scattering between the incoming partons a and b takes a shorter time than the final stage of fragmentation. The hard collision therefore can be treated separately from the final stage processes and be described by a simple 2 → 2 cross section dσ(ab → cd). The partons c and d, emerging after collision, recombine with the rest of partons and fragment into hadrons according to fragmentation functions D_{C/c}(z_c) and D_{D/d}(z_d), where z is the fraction of hadron momentum. The observed cross section is the parton cross section convoluted with the initial state PDF’s and the final state fragmentation function. . . . . . . . . . . . . . . . . 6

1.4 Direct Photon Production at pp (pp → γX) , to the left the compton and to the right the annihilation subprocess. . . . . . 12 1.5 The NLO QCD contributions to direct double-photon produc- tion at the pp collider. . . . . . . . . . . . . . . . . . . . . . . 14 2.1 Schematic layout of the tevatron complex at Fermilab . . . . . 23 2.2 An isometric view of the DØ detector . . . . . . . . . . . . . . 28 2.3 Side view of the central tracking systems and the transition radiation detectors . . . . . . . . . . . . . . . . . . . . . . . . 31 2.4 r - ϕ view of one quadrant of the VTX chamber, showing the layout of the sense wires and field-shaping electrodes. . . . . . 34 2.5 End view of three modules of the central drift chamber (CDC), showing the sense wires, the field-shaping wires and the delay lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.6 View of one Forward Drift Chamber, Its Θ and Φ Modules . . 39 2.7 The TRD detector, showing the end of the polypropylene foil radiator sections. . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.8 View of a unit cell in DØ liquid argon calorimeter, showing the absorber and readout plates. . . . . . . . . . . . . . . . . . . . 47 2.9 Isometric view of the central and two end calorimeters. . . . . 48 2.10 Schematic view of the calorimeters, showing the transverse and longitudinal segmentation pattern. The shading pattern indicates the ‘pseudo-projective’ set of cells ganged together to form readout towers. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.11 Diagram of calorimeters readout channels in depth and η . . . 53 2.12 Side elevation of the muon system. . . . . . . . . . . . . . . . 55 2.13 Number of nuclear interaction lengths as a function of polar angle. 56 2.14 Block Diagram of the DØ Trigger System. . . . . . . . . . . . 59

3.1 The distributions of H-matrix χ^2 and isolation E^{iso}_T . Fig.(a2) and (a3) are for clean electrons from Z → ee decays, whose mass spectrum is the shaded area in figure (a1); Fig.(b2) and (b3) are for an electron background sample composed mainly of EM jets, whose mass spectrum is shown in figure (b1). The arrows indicate where the selection cuts are placed. . . . . . . 79 3.2 Schematic View of a Isolation Cone. The central core cone and the outer isolation cone have the same axis, with ΔR equal to R_{core} and R_{iso} respectively. . . . . . . . . . . . . . . . . . . . . 80 3.3 Distributions of the fraction of hit CDC sense wires over total wires and found 3D hits in the road. The three samples used include ‘photons’ from Z → ‘γ0‘γ0 (a1) and (b1), background ‘photons’ from an EM jet sample (a2) and (b2), and the emulated ‘photons’ sample (a3) and (b3). . . . . . . . . . . . . . . 82 3.4 Mass Spectra of photon pairs for an inclusive double-photon sample, (a) without and (b) with hits-in-road cuts . . . . . . . 83

4.1 Accumulated Luminosity during Run 1 . . . . . . . . . . . . . 90

4.2 Illustration of the determination of the Geometric Acceptance.

The distributions of E_T of each photon before (a1) and after (a2) cuts. The ratio of plot (a2) over plot (a1) bin-by-bin is what is shown in plot (b), which is the differential Geometric Accep- tance vs.E_T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 4.3 Differential Geometric Acceptance vs. (a)E^γ_T of each photon, (b)P^{γγ}_T = | ⃗E^{γ1}_T + ⃗E^{γ2}_T | of the double-photon system, (c)M^{γγ} of the photon pair, and (d)Δϕ = |ϕ^{γ1} − ϕ^{γ2}| of the photon pair. They are nearly constant in all cases. . . . . . . . . . . . . . . 101

4.4 Trigger Efficiency Plots (a) and (b) for Level-2 GAM and GIS configurations. The E_T range shown is far above the threshold of 12 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 4.5 The trigger efficiency curves for (a) GAM and (b) GIS with a threshold of E^{thr}_T = 12 GeV. . . . . . . . . . . . . . . . . . . . 106

4.6 The instantaneous luminosity L spectrum for run 1B, in the unit of 10^{30}cm�^2s�^1. . . . . . . . . . . . . . . . . . . . . . . . 109

4.7 Efficiency Curve of the cuts χ^2 < 100, E^{iso}�^4_T < 2.0 GeV for photons. The dashed lines show the range of uncertainty. . . . 111

4.8 E_T flow spectrum of the underlying particles in Z → e^+e� events, with the core cone R=0.2, the isolation cones (R=0.4 - R=0.2) and (R=0.7 - R=0.2) . . . . . . . . . . . . . . . . . . 113

4.9 E_T flow spectrum in the isolation cone (R=0.4 - R=0.2) for testbeam electrons with energies E = 15, 20, 25 GeV. Very small fractions of energy leak out of the core cone, and this leakage is nearly energy independent. . . . . . . . . . . . . . . 114 4.10 Efficiency versus the cut of the fraction of CDC hit wires when the number of 3D hits is required to be 0. . . . . . . . . . . . 115 4.11 Plots (a1) and (a2) show the distributions of the fraction of EM1 over total energy for Monte Carlo photon and fake, and plots (b1) and (b2) describe the distributions of -ln(EM1/ETOT) cor- respondingly. . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 4.12 -ln(EM1/ETOT)(left) and Log(EM1/ETOT)(right) distributions for Z electrons from data (points) and Monte Carlo (histograms), CC only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 4.13 The distributions of -ln(EM1/ETOT) for modeled photons and fakes are shown left, and right are the product distributions for phot*phot, phot*fake and fake*fake. . . . . . . . . . . . . . . 123

6.1 The differential cross section dσ/dE^γ_T . . . . . . . . . . . . . . . 138 6.2 The differential cross section dσ/dM^{γγ} . . . . . . . . . . . . . . 139 6.3 The differential cross section dσ/dP^{γγ}_T . . . . . . . . . . . . . . 140 6.4 The differential cross section dσ/dΔϕ^{γγ} . . . . . . . . . . . . . 141 xiv

List of Tables

1.1 The Fundamental Particles and Interactions in the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 Various experiments have measured double direct photon production in hadron-hadron collisions . . . . . . . . . . . . . . . 16 1.3 Various analysis techniques used to extract photon signal from the overwhelming background . . . . . . . . . . . . . . . . . . 18

2.1 Vertex Chamber Parameters . . . . . . . . . . . . . . . . . . . 35 2.2 Central Drift Chamber Parameters . . . . . . . . . . . . . . . 38 2.3 Forward Drift Chamber Parameters . . . . . . . . . . . . . . . 41 2.4 Central Calorimeter Parameters. . . . . . . . . . . . . . . . . . 50 2.5 End Calorimeter Parameters. . . . . . . . . . . . . . . . . . . 51

3.1 List of eight raw data banks corresponding to eight data cables transporting data out of individual readout section. . . . . . . 67 3.2 Optimized Calibration Constants for the CC Calorimeter . . . 86 3.3 Corrections applied to the EM energy Calibration carryover from Test beam. . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.1 Trigger Requirements for the Direct Double-Photon Data Sample 93 4.2 Offline Selection Requirements for Double-photon sample . . . 95 4.3 Geometric Acceptance vs.various kinematic quantities . . . . . 100 4.4 Single electron tracking efficiency in CDC . . . . . . . . . . . 117 4.5 Summary of Double-photon Purity Fitting Results for three re- gions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 4.6 Fitted results for three assumed cases. . . . . . . . . . . . . . 126 4.7 Likelihood weighted α^{γγ}|_{test} values for three subsamples. . . . 127 4.8 The total errors for α^{γγ} . . . . . . . . . . . . . . . . . . . . . . 128

6.1 The differential cross section values dσ/dE^γ_T vs E^γ_T . . . . . . . 135 6.2 The differential cross section values dσ/dM^{γγ} vs M^{γγ} . . . . . . 136 6.3 The differential cross section values dσ/dP^{γγ}_T vs P^{γγ}_T . . . . . . 137 6.4 The differential cross section values dσ/dΔϕ^{γγ} vs Δϕ^{γγ}. . . . . 142

Acknowledgements

First I’d like to thank my thesis advisor, Rod Engelmann, for all the help and tolerance he has provided. Appreciations go to the rest of Stony Brook group, Paul Grannis, Bob McCarthy and Michael Rijssenbeek, and the old student crowd, Jim Cochran, Joey Thompson, Marc Paterno, Scott Snyder, Dhiman Chakraborty and Paul Rubinov. I’d like to thank two Stony Brook postdocs, Dan Claes and Rich Astur. Dan Claes patiently explained to me the level-2 trigger and error analysis, and Rich Astur taught me how to program.

I would like to thank Hailin Li and Ting Hu for helpful discussion, and the three newest Stony Brook members: Slava Kulik, Bogdan Kulik and Dennis Shpakov. Special thanks go to Slava for reading and correcting my writing.

Specially I’d like to thank Dr.Yuri Fisyak. He taught me statistics. His knowledge and deep understanding opened up a new world to me.

I would like to thank the two QCD convenors, Prof.Heidi Schellman and Dr.Nikos Varelas. Heidi’s scientific honesty and judgement helped tremendously in shaping up this analysis. A lot of thanks to Heidi.

I would also like to thank the direct photon group, John Womersley, Steve Linn, Steve Jerger, Pierrick Hanlet, and the old members: Sal Fahey,

Bob Madden and Paul Rubinov. Thanks John Womersley for carefully reading my writing and pointing out a lot of mistakes.

As a d0fs shifter, I worked closely with Lee Lueking and Dorota Genser. A lot of Thanks go to Dorota. I learned a lot by hacking her codes and asking her questions.

Last, not the least, I’d like to thank my husband, Justin. Without him, I would not be who I am now. For numerous occasions, he assumed the babysitting job and let me go in during evenings and weekends. His love and support kept me through these years. Our sweet boy, Nathan, is my constant joy and hope. His innocence and sense of justice remind me what the true world is and keep me sane when working in a big collaboration. I am also grateful to my Mom. She brought me up single-handed and supported me even during some very difficult times.