BNL 52–502 FERMILAB–PUB–96/112 LBNL–PUB–5425 SLAC–Report–485 UCRL–ID–124160 UC–414 June, 1996

Physics and Technology of the Next Linear Collider:

A Report Submitted to Snowmass ’96 by the NLC Zeroth-Order Design Group and the NLC Physics Working Group

The NLC Accelerator Design Group and The NLC Physics Working Group

S. Kuhlman;

Argonne National Laboratory, Chicago, Illinois, USA

P. Minkowski;

University of Bern, Bern, Switzerland

W. Marciano, F. Paige;

Brookhaven National Laboratory, Upton, Long Island, New York, USA

V. Telnov;

Budker Institute for Nuclear Physics, Novosibirsk, Russia

J. F. Gunion, T. Han, S. Lidia;

University of California, Davis, California, USA

J. Rosenzweig;

University of California, Los Angeles, California, USA

J. Wudka;

University of California, Riverside, California, USA

N. M. Kroll;

University of California, San Diego, California, USA

D. A. Bauer, H. Nelson;

University of California, Santa Barbara, California, USA

H. Haber, C. Heusch, B. Schumm;

University of California, Santa Cruz, California, USA

M. Gintner, S. Godfrey, P. Kalyniak; Carleton University, Ottawa, Canada

L. Rinolfi;

CERN, Geneva, Switzerland

A. Barker, M. Danielson, S. Fahey, M. Goluboff, U. Nauenberg, D. L. Wagner; University of Colorado, Boulder, Colorado, USA

P. C. Rowson;

Columbia University, New York, New York, USA

J. A. Holt, K. Maeshima, R. Raja;

Fermilab National Laboratory, Batavia, Illinois, USA

H. Baer, R. Munroe;

Florida State University, Tallahassee, Florida, USA

X. Tata;

University of Hawaii, Honolulu, Hawaii, USA

T. Takahashi, T. Ohgaki;

Hiroshima University, Hiroshima, Japan

R. van Kooten;

Indiana University, Bloomington, Indiana, USA

M. Akemoto, T. Higo, K. Higashi, K. Kubo, K. Oide, K. Yokoya; KEK National Laboratory, Tsukuba, Japan

A. Jackson, W. A. Barletta, J. M. Byrd, S. Chattopadhyay, J. N. Corlett, W. M. Fawley, J. L. Feng, M. Furman, E. Henestroza, R. A. Jacobsen, K.-J. Kim, H. Li, H. Murayama, L. Reginato, R. A. Rimmer, D. Robin, M. Ronan, A. M. Sessler, D. Vanecek, J. S. Wurtele, M. Xie, S. S. Yu, A. A. Zholents;

Lawrence Berkeley National Laboratory, Berkeley, California, USA

L. Bertolini, K. Van Bibber, D. Clem, F. Deadrick, T. Houck, D. E. Klem, M. Perry, G. A. Westenskow;

Lawrence Livermore National Laboratory, Livermore, California, USA

B. Barakat;

Louisiana Tech University, Ruston, Louisiana, USA

A. J. Dragt, R. L. Gluckstern;

University of Maryland, College Park, Maryland, USA

S. R. Hertzbach;

University of Massachusetts, Amherst, Massachusetts, USA

P. Burrows, M. Fero;

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

M. Einhorn, G. L. Kane, K. Riles;

University of Michigan, Ann Arbor, Michigan, USA

G. Giordano;

University of Milano, Milan, Italy

G. B. Cleaver, K. Tanaka;

Ohio State University, Columbus, Ohio, USA

J. Brau, R. E. Frey, D. Strom;

University of Oregon, Eugene, Oregon, USA

R. Hollebeek;

University of Pennsylvania, Philadelphia, Pennsylvania, USA

K. McDonald;

Princeton University, Princeton, New Jersey, USA

G. Couture;

Université de Quebec à Montreal, Montreal, Quebec, Canada

D. D. Meyerhofer;

University of Rochester, Rochester, New York, USA

F. Cuypers;

Paul Scherrer Institute C. Adolphsen, R. Aiello, R. Alley, R. Assmann, K. L. Bane, T. Barklow, V. Bharadwaj, J. Bogart, G. B. Bowden, G. Bower, M. Breidenbach, K. L. Brown, D. L. Burke, Y. Cai, G. Caryotakis, R. L. Cassel, P. Chen, S. L. Clark, J. E. Clendenin, C. Corvin, F.- J. Decker, A. Donaldson, R. Dubois, R. A. Early, K. R. Eppley, S. Ecklund, J. Eichner, P. Emma, L. Eriksson, Z. D. Farkas, A. S. Fisher, C. Foundoulis, W. R. Fowkes, J. Frisch, R. W. Fuller, L. Genova, S. Gold, G. Gross, S. Hanna, S. Hartman, S. A. Heifets, L. Hendrickson, R. H. Helm, J. Hewett, H. A. Hoag, J. Hodgson, J. Humphrey, R. Humphrey, J. Irwin, J. Jaros, R. K. Jobe, R. M. Jones, L. P. Keller, K. Ko, R. F. Koontz, E. Kraft, P. Krejcik, A. Kulikov, T. L. Lavine, Z. Li, W. Linebarger, G. A. Loew, R. J. Loewen, T. W. Markiewicz, T. Maruyama, T. S. Mattison, B. McKee, R. Messner, R. H. Miller, M. G. Minty, W. Moshammer, M. Munro, C. D. Nantista, E. M. Nelson, W. R. Nelson, C. K. Ng, Y. Nosochkov, D. Palmer, R. B. Palmer, J. M. Paterson, C. Pearson, M. E. Peskin, R. M. Phillips, N. Phinney, R. Pope, T. O. Raubenheimer, J. Rifkin, T. Rizzo, S. H. Rokni, M. C. Ross, R. E. Ruland, R. D. Ruth, A. Saab, H. Schwarz, B. Scott, J. C. Sheppard, H. Shoaee, S. Smith, W. L. Spence, C. M. Spencer, J. E. Spencer, D. Sprehn, G. Stupakov, H. Tang, S. G. Tantawi, P. Tenenbaum, F. Tian, S. Thomas, K. A. Thompson, J. Turner, T. Usher, A. E. Vlieks, D. R. Walz, J. W. Wang, A. W. Weidemann, D. H. Whittum, P. B. Wilson, Z. Wilson, M. Woodley, M. Woods, Y. T. Yan, A. D. Yeremian, F. Zimmermann;

Stanford Linear Accelerator Center, Stanford, California, USA

B. F. L. Ward, A. Weidemann;

University of Tennessee, Knoxville, Tennessee, USA

L. Sawyer, A. White;

University of Texas at Arlington, Arlington, Texas, USA

C. Baltay, S. Manly;

Yale University, New Haven, Connecticut, USA

PREFACE

We present the prospects for the next generation of high-energy physics experiments with electron-positron colliding beams. This report summarizes the current status of the design and technological basis of a linear collider of center-of-mass energy 0.5–1.5 TeV, and the opportunities for high-energy physics experiments that this machine is expected to open.

Over the past two decades, particle physics experiments have made an increasingly precise confirmation of the “Standard Model” of strong, weak, and electromagnetic interactions. High-energy physicists feel confident that the basic structure of these once-mysterious interactions of elementary particles is now well understood. But the verification of this model has brought with it the realization that there is a missing piece to the story: although the structure of the weak interactions is based on a symmetry principle, we observe that symmetry to be broken, by an agent that we do not yet know. This agent, whatever its source, must provide new physical phenomena at the TeV energy scale.

The Large Hadron Collider (LHC) in Europe offers an entry into this energy regime with significant opportunity for discovery of new phenomena. An electron-positron collider at this next step in energy, the Next Linear Collider (NLC), will provide a complementary program of experiments with unique opportunities for both discovery and precision measurement. To understand the nature of the new phenomena at the TeV scale, to see how they fit together with the known particles and interactions into a grander picture, both of these facilities will be required.

In particular, electron-positron colliders offer specific features that are essential to understand the nature of these new interactions whatever their source. They allow precise and detailed studies of the two known particles that couple most strongly to these interactions, the W boson and the top quark. They provide a clean environment for the discovery of new particles whatever their nature, and they provide special tools, such as the use of electron beam polarization, to dissect the couplings of those particles.

All of this would be merely theoretical if the next-generation linear collider could not be realized. But, in the past few years, the technology of the linear collider has come of age. The experience gained from the operation of the Stanford Linear Collider (SLC) has provided a firm foundation to the design choices for the NLC. The fundamental new technologies needed to construct the NLC have been demonstrated experimentally. Microwave power sources have exceeded requirements for the initial stage of the NLC, and critical tests assure us that this technology can be expected to drive beams to a center-of-mass energies of a TeV or more. Essential demonstrations of prototype collider subsystems have either taken place or are now underway: the Final Focus Test Beam has already operated successfully; a linear accelerator and a damping ring will be operated within the next year. A detailed feasibility study, the “Zeroth-Order Design Report” (ZDR), has shown that these components can be integrated into a complete machine design.

The Next Linear Collider can be constructed, and it will play an essential role in our understanding of physics at the TeV energy scale.

vi

Contents

Preface v

1 The Next Linear Collider 1 1.1 Goals for the Next Linear Collider . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Accelerator Design Choices . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.2.1 The Stanford Linear Collider . . . . . . . . . . . . . . . . . . . . . . . 5 1.2.2 Future Linear Colliders . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.3 The Next Linear Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.3.1 Technology Choice and Design Philosophy . . . . . . . . . . . . . . . 9 1.3.2 Status Report on Technologies for the NLC . . . . . . . . . . . . . . 12 1.4 Outlook for the Next Linear Collider . . . . . . . . . . . . . . . . . . . . . . 15 Bibliography for Chapter 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2 Physics Goals of the Next Linear Collider 19 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.2 Standard Model Processes and Simulations . . . . . . . . . . . . . . . . . . . 24 2.2.1 Accelerator and Detector . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.2.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2.3 Standard Model Processes at the NLC . . . . . . . . . . . . . . . . . 26 2.3 Top Quark Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.1 Top Production, Decay, and Measurement . . . . . . . . . . . . . . . 30 2.3.2 Threshold Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.3.3 Top Couplings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.3.4 The Higgs-Top Yukawa Coupling . . . . . . . . . . . . . . . . . . . . 40 2.3.5 Top Physics Reach of NLC and Hadron Colliders . . . . . . . . . . . 42 2.4 Higgs Boson Searches and Properties . . . . . . . . . . . . . . . . . . . . . . 44 2.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.4.2 Present and Future Limits . . . . . . . . . . . . . . . . . . . . . . . . 45 2.4.3 Standard Model Higgs . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2.4.4 Minimal Supersymmetric Standard Model Higgs . . . . . . . . . . . . 52 2.4.5 Determination of Properties of Higgs Bosons . . . . . . . . . . . . . . 55 2.4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 2.5 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 2.5.1 Supersymmetry Signals at the NLC . . . . . . . . . . . . . . . . . . . 63 2.5.2 Superparticle Mass Measurements . . . . . . . . . . . . . . . . . . . . 67 2.5.3 Supersymmetry Reach of the NLC and LHC . . . . . . . . . . . . . . 72 2.6 Anomalous Gauge Boson Couplings . . . . . . . . . . . . . . . . . . . . . . . 79 2.6.1 Parametrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 2.6.2 Present and Expected Pre-NLC Measurements . . . . . . . . . . . . . 80 2.6.3 Measurements in W Pair Production at the NLC . . . . . . . . . . . 81 2.6.4 Measurements in Other Reactions at the NLC . . . . . . . . . . . . . 82 2.6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 2.7 Strong W W Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 2.7.1 The Reaction e^+e^− → W^+W^− . . . . . . . . . . . . . . . . . . . . . . 86 2.7.2 The Reaction e^+e^− → ννW^+W^−and ννZZ . . . . . . . . . . . . . . . 88 2.7.3 The Reaction e^+e^− → ννtt . . . . . . . . . . . . . . . . . . . . . . . . 90 2.7.4 Statistical significances at LHC versus NLC . . . . . . . . . . . . . . 91 2.7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 2.8 New Gauge Bosons and Exotic Particles . . . . . . . . . . . . . . . . . . . . 94 2.9 e^−e^−, e^−γ, and γγ Interactions . . . . . . . . . . . . . . . . . . . . . . . . . 99 2.9.1 Higgs Boson Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 2.9.2 Other New Physics Signatures . . . . . . . . . . . . . . . . . . . . . . 102 2.9.3 Accelerator, Lasers, and the Interaction Region . . . . . . . . . . . . 103 2.10 Precision Tests of QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 2.10.1 Precise Measurement of α_s . . . . . . . . . . . . . . . . . . . . . . . . 105 2.10.2 Energy Evolution Studies . . . . . . . . . . . . . . . . . . . . . . . . 107 2.10.3 Symmetry Tests Using Beam Polarization . . . . . . . . . . . . . . . 108 2.10.4 Gluon Radiation in tt Events; Anomalous Couplings . . . . . . . . . . 108 2.11 Design of the NLC Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 2.12 Physics Processes which Constrain Detector Performance . . . . . . . . . . . 113 2.13 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 Bibliography for Chapter 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

3 A Zeroth-Order Design for the Next Linear Collider 125 3.1 Overview of Collider Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 125 3.1.1 Injectors and Damping Rings . . . . . . . . . . . . . . . . . . . . . . 125 3.1.2 Bunch Length Compressors . . . . . . . . . . . . . . . . . . . . . . . 127 3.1.3 Main Linacs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 3.1.4 The Beam Delivery System . . . . . . . . . . . . . . . . . . . . . . . 128 3.1.5 Interaction Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 3.2 Polarized Electron Injector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 3.3 Positron Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 3.4 Damping Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 3.4.1 Main Damping Rings. . . . . . . . . . . . . . . . . . . . . . . . . . . 140 3.4.2 Positron Pre-Damping Ring . . . . . . . . . . . . . . . . . . . . . . . 142 3.5 Spin Rotators and Bunch Compressors . . . . . . . . . . . . . . . . . . . . . 144 3.6 Main Linacs: Design and Dynamics . . . . . . . . . . . . . . . . . . . . . . . 148 3.6.1 Linac Layout and Site Requirements . . . . . . . . . . . . . . . . . . 150 3.6.2 Operation and Tuning of the Main Linacs . . . . . . . . . . . . . . . 153 3.7 The RF System for the Main Linacs . . . . . . . . . . . . . . . . . . . . . . . 158 3.7.1 Klystrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 3.7.2 Modulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 3.7.3 RF Pulse Compression and Power Transmission . . . . . . . . . . . . 164 3.7.4 Accelerator Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.7.5 RF Drive and Phasing Systems . . . . . . . . . . . . . . . . . . . . . 170 3.7.6 Upgrade to 1 TeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 3.7.7 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 3.8 Beam Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 3.8.1 Collimation System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 3.8.2 IP Switch and Big Bend . . . . . . . . . . . . . . . . . . . . . . . . . 179 3.8.3 Final Focus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 3.9 Interaction Region and Detector Backgrounds . . . . . . . . . . . . . . . . . 185 3.9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185 3.9.2 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185 3.9.3 Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 3.9.4 Quad Support and the Optical Anchor . . . . . . . . . . . . . . . . . 192 3.9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 Bibliography for Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Appendix: Papers contributed to the NLC Physics Study 197