DESY 01-123F vol. 4 DESY-LC-REV-2001-062 December 2001

Physics and Experimentation at a Linear Electron–Positron Collider

Volume 4: The THERA Book. Electron–Proton Scattering at √ s ∼ 1 TeV

Editors: U. Katz, M. Klein, A. Levy and S. Schlenstedt

ISSN 0418-9833

DESY 01-123F vol. 4 DESY-LC-REV-2001-062 December 2001

Physics and Experimentation at a Linear Electron–Positron Collider

Volume 4: The THERA Book. Electron–Proton Scattering at √ s ∼ 1 TeV

Editors: U. Katz, M. Klein, A. Levy and S. Schlenstedt

ISSN 0418-9833

Publisher: DESY Deutsches Elektronen-Synchroton Notkestraße 85, D-22607 Hamburg Germany

http://www.desy.de

E-mail: desyinfo@desy.de

Member of the Hermann von Helmholtz Association of National Research Centers (HGF)

Reproduction including extracts is permitted subject to crediting the source.

The picture on the front page shows a version of the low-x THERA detector with an extended coil.

i

This volume collects original contributions for THERA, a future electron-nucleon collider operating in the TeV energy range, which can be realised combining the e^± linear accelerator TESLA with the proton ring accelerator HERA at DESY. The material presented here has been worked out during the preparation of the TESLA Technical Design Report in the years 2000 and 2001. The THERA option was discussed in a series of meetings involving about 100 physicists. These meetings are documented on

http:/www-zeuthen.desy.de/thera.

Working Groups and Convenors:

Low x and Diffraction E Levin (U Tel Aviv) A Levy (U Tel Aviv) P Newman (U Birmingham) Tests of QCD and MC Simulation H Jung (U Lund) L Lönnblad (U Lund) H Spiesberger (U Mainz) Heavy Flavours K Daum (U Wuppertal) L Gladilin (U Hamburg, Moscow) Photon Structure J Butterworth (UC London) M Krawczyk (U Warsawa) S Söldner-Rembold (CERN/U Freiburg) High Q^2 and BSM M Kuze (KEK) K Long (IC London) E Perez (Saclay) Detector and Machine J Crittenden (U Bonn) U Katz (U Bonn/ U Erlangen) M Klein (DESY Zeuthen) D Pitzl (DESY Hamburg) S Schlenstedt (DESY Zeuthen) U Schneekloth (DESY Hamburg) F Willeke (DESY Hamburg) eA Scattering M Strikman (Penn State) Real Photon-Proton Interactions S Sultansoy (Ankara) Polarisation A Deshpande (Yale U) E Rondio (U Warsawa)

Contents I

Contents

1 Introduction to the THERA Book 1

2 THERA: Electron–Proton Scattering at √ s ∼ 1 TeV 3 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2 Physics with THERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2.1 Low-x physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2.2 Proton structure and quantum chromodynamics . . . . . . . . . 15 2.2.3 Searches for new particles or phenomena . . . . . . . . . . . . . 25 2.2.4 Resolving the partonic structure of the photon . . . . . . . . . . 28 2.3 Experimentation at THERA . . . . . . . . . . . . . . . . . . . . . . . . 32 2.3.1 Collision of TESLA electrons with HERA protons . . . . . . . . 32 2.3.2 A detector for THERA . . . . . . . . . . . . . . . . . . . . . . . 38 2.4 Further Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.4.1 Electron–nucleus scattering . . . . . . . . . . . . . . . . . . . . 42 2.4.2 Real photon–proton scattering . . . . . . . . . . . . . . . . . . . 46 2.4.3 Polarised protons . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Low-x Physics 63 3.1 Small-x Evolution of Wilson Lines . . . . . . . . . . . . . . . . . . . . 63 I. Balitsky 3.1.1 Small-x vs Q^2 evolution. . . . . . . . . . . . . . . . . . . . . . 63 3.1.2 High-energy asymptotics as a scattering from the shock-wave field 65 3.1.3 Regularized Wilson-line operators . . . . . . . . . . . . . . . . . 71 3.1.4 One-loop evolution of Wilson-line operators . . . . . . . . . . . 74 3.1.5 BFKL pomeron from the evolution of Wilson-line operators . . 78 3.1.6 Non-linear evolution of Wilson lines as functional integral . . . . 81 3.1.7 Nuclear structure functions . . . . . . . . . . . . . . . . . . . . 86 3.1.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 3.2 Perturbative Evolution at Small x . . . . . . . . . . . . . . . . . . . . . 93 G. Altarelli, R.D. Ball and S. Forte 3.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 3.2.2 Duality of small x evolution . . . . . . . . . . . . . . . . . . . . 94 3.2.3 The Double–Leading expansion . . . . . . . . . . . . . . . . . . 96 3.2.4 Resummation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

II Contents

3.2.5 Predictions for THERA . . . . . . . . . . . . . . . . . . . . . . 101 3.3 High Density QCD at THERA . . . . . . . . . . . . . . . . . . . . . . . 107 E. Gotsman, E. Levin, M. Lublinsky, U. Maor, E. Naftali and K. Tuchin 3.3.1 Introduction: Our hopes and main goals at THERA . . . . . . . 107 3.3.2 Our model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 3.3.3 Predictions for THERA . . . . . . . . . . . . . . . . . . . . . . 115 3.3.4 Resume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 3.4 Small x Physics and Forward Jet Production at THERA . . . . . . . . 129 H. Jung and L. Lönnblad 3.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 3.4.2 Initial State QCD Cascade . . . . . . . . . . . . . . . . . . . . . 131 3.4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.5 Gluon Saturation and the Color Glass Condensate . . . . . . . . . . . . 136 E. Iancu and L. McLerran 3.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 3.5.2 The Color Glass Condensate . . . . . . . . . . . . . . . . . . . . 137 3.5.3 Quantum evolution and BFKL . . . . . . . . . . . . . . . . . . 140 3.5.4 The quantum evolution of the CGC . . . . . . . . . . . . . . . . 142 3.5.5 Recovering some known results . . . . . . . . . . . . . . . . . . 146 3.5.6 Solving the RGE: Saturation and Universality . . . . . . . . . . 147 3.6 Saturation at low x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 E. Levin 3.6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 3.6.2 Qualitative Picture of Interaction in DIS at low x . . . . . . . . 161 3.6.3 Non-linear Evolution . . . . . . . . . . . . . . . . . . . . . . . . 168 3.6.4 Initial conditions: . . . . . . . . . . . . . . . . . . . . . . . . . . 172 3.6.5 Saturation scale Q_s(x) . . . . . . . . . . . . . . . . . . . . . . . 173 3.6.6 A new scaling in the saturation region. . . . . . . . . . . . . . . 175 3.6.7 Parton densities at THERA and LHC energies . . . . . . . . . . 178 3.6.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 3.7 Saturation and Unitarity of Hadronic Structure Functions . . . . . . . 186 Yu.V. Kovchegov 3.7.1 “Phase Diagram” of High Energy QCD . . . . . . . . . . . . . . 186 3.7.2 Qualitative Picture of Saturation . . . . . . . . . . . . . . . . . 187 3.7.3 Evolution equation from the dipole model . . . . . . . . . . . . 190 3.7.4 Double Logarithmic Limit . . . . . . . . . . . . . . . . . . . . . 196 3.7.5 Approximate Solution of the Nonlinear Evolution Equation . . . 198 3.7.6 Asymptotic Behavior of the F_2 Structure Function . . . . . . . . 203 3.7.7 Diffractive Dissociation Including Multiple Pomeron Exchanges 205 3.8 Diffractive Production of Neutral Vector Mesons . . . . . . . . . . . . . 212 J.A. Crittenden 3.8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212 3.8.2 Lessons from HERA . . . . . . . . . . . . . . . . . . . . . . . . 215

Contents III

3.8.3 Requirements on the performance of machine and detector . . . 218 3.8.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

4 Proton Structure and Quantum Chromodynamics 224 4.1 Heavy Quark Production Measurements at THERA . . . . . . . . . . . 224 L. Gladilin and I. Redondo 4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225 4.1.2 Heavy quark photoproduction and proton gluon structure . . . . 226 4.1.3 Heavy quark production in neutral current DIS . . . . . . . . . 229 4.1.4 Charm production in charged current DIS . . . . . . . . . . . . 235 4.1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 4.2 High-p_T Jet Production . . . . . . . . . . . . . . . . . . . . . . . . . . 240 B. Pötter 4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 4.2.2 Next-to-leading order calculations . . . . . . . . . . . . . . . . . 240 4.2.3 Jet Production at THERA . . . . . . . . . . . . . . . . . . . . . 241 4.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 4.3 Jet Photoproduction at THERA . . . . . . . . . . . . . . . . . . . . . . 247 M. Klasen 4.3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247 4.3.2 Dijet Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . 248 4.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 4.3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 4.4 Precision Tests of Perturbative QCD at THERA . . . . . . . . . . . . . 256 W.L. van Neerven 4.4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256 4.4.2 Light cone dominance and sum rules. . . . . . . . . . . . . . . . 257 4.4.3 Heavy flavour production. . . . . . . . . . . . . . . . . . . . . . 262 4.4.4 Comparison between electro-production and photo- and hadroproduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267 4.5 Heavy Quark Production in the Semihard QCD Approach at THERA . 272 S.P. Baranov and N.P. Zotov 4.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 4.5.2 The semihard QCD approach . . . . . . . . . . . . . . . . . . . 273 4.5.3 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . 276 4.6 Charged-current Deep Inelastic Scattering at THERA . . . . . . . . . . 283 K. Nagano 4.6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 4.6.2 Double differential cross-section measurement . . . . . . . . . . 284 4.6.3 The d-quark density at high-x . . . . . . . . . . . . . . . . . . . 285 4.6.4 Determination of the propagator mass . . . . . . . . . . . . . . 286 4.6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

IV Contents

5 Searches for New Particles or Phenomena 288 5.1 Contact Interactions, Large Extra Dimensions and Leptoquarks . . . . 288 A.F. Żarnecki 5.1.1 Contact Interactions . . . . . . . . . . . . . . . . . . . . . . . . 288 5.1.2 Large Extra Dimensions . . . . . . . . . . . . . . . . . . . . . . 289 5.1.3 Leptoquarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290 5.1.4 Analysis method . . . . . . . . . . . . . . . . . . . . . . . . . . 294 5.1.5 THERA running . . . . . . . . . . . . . . . . . . . . . . . . . . 296 5.1.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296 5.1.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301 5.2 Pair Production of Supersymmetric Particles . . . . . . . . . . . . . . . 311 M. Corradi 5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311 5.2.2 Selectron and Squark Production . . . . . . . . . . . . . . . . . 312 5.2.3 Selectron and Neutralino Production . . . . . . . . . . . . . . . 314 5.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314 5.3 Search for Excited Fermions at THERA . . . . . . . . . . . . . . . . . 316 M. Kuze 5.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 5.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 5.3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

6 Resolving the Partonic Structure of the Photon 319 6.1 Reach of Future Colliders in Probing the Structure of the Photon . . . 319 M. Krawczyk, S. Söldner-Rembold and M. Wing 6.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319 6.1.2 The THERA kinematic region in comparison with other colliders 321 6.1.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322 6.2 Inclusive Dijet Photoproduction and the Resolved Photon at THERA . 324 M. Wing 6.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324 6.2.2 Photoproduction from HERA to THERA . . . . . . . . . . . . . 326 6.2.3 Cross section definition . . . . . . . . . . . . . . . . . . . . . . . 327 6.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328 6.2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330 6.2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 6.3 Heavy Quark Photoproduction at THERA . . . . . . . . . . . . . . . . 336 P. Jankowski, M. Krawczyk and M. Wing 6.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 6.3.2 Leading order QCD predictions of charm quark production . . . 337 6.3.3 MC predictions of dijet production with charm and beauty quarks340 6.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343 6.4 The Prompt Photon Photoproduction at THERA . . . . . . . . . . . . 347 M. Krawczyk and A. Zembrzuski

Contents V

6.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347 6.4.2 The NLO cross section . . . . . . . . . . . . . . . . . . . . . . . 347 6.4.3 The results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 350 6.4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351 6.5 On the Importance of the Contribution of the Longitudinal Virtual Photon... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353 U. Jezuita-Da̧browska and M. Krawczyk 6.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353 6.5.2 Factorisation of the one-photon exchange cross sections for the inclusive and semi-inclusive unpolarised lepton-nucleon scattering 355 6.5.3 Azimuthal angle distribution for the semi-inclusive process . . . 358 6.5.4 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . 359 6.5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

7 Electron-Nucleus Scattering 369 7.1 Electron-Nucleus Collisions at THERA . . . . . . . . . . . . . . . . . . 369 L. Frankfurt, V. Guzey, M. McDermott and M. Strikman 7.1.1 Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . 369 7.1.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 370 7.1.3 The black body limit and its signals in DIS final states . . . . . 375 7.1.4 Unitarity constraints for electron-nucleus DIS . . . . . . . . . . 384 7.1.5 Nuclear shadowing and diffraction . . . . . . . . . . . . . . . . . 387 7.1.6 Experimental considerations . . . . . . . . . . . . . . . . . . . . 398 7.1.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399

8 Real Photon-Proton Scattering 403 8.1 Gamma Options of the THERA Collider . . . . . . . . . . . . . . . . . 403 O. Çakır, A. K. Çiftçi, S. Sultansoy, Ö. Yavaş and M. Yılmaz 8.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403 8.1.2 Luminosity considerations . . . . . . . . . . . . . . . . . . . . . 403 8.1.3 Physics goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

1 Introduction to the THERA Book

This document is a result of a study within the TESLA Technical Design Report at DESY, Hamburg. It was carried out during the years 2000/01 with the aim of investigating the feasibility and the physics interest of an ep collider, THERA, which scatters polarized leptons (e^±) from TESLA off protons, or nuclei, accelerated in the HERA proton ring. With lepton energies of E_e = 250−800 GeV and proton energies of E_p = 300−1000 GeV, THERA can reach center-of-mass energies of 1 TeV and beyond. Estimated annual luminosities between 40 and 250 pb^{−1}, for energy ratios E_e/E_p between 1/4 and 1, respectively, would allow THERA to complement the TeV-scale exploration with the next generation of e^+e^− and pp colliders. THERA is a natural successor of the HERA collider, extending the kinematic limits of the photon virtuality, Q^2, up to more than 10^6 GeV^2, and that of the Bjorken x variable down to 10^{−7}.

Lepton probes represent the cleanest way to explore the structure of matter. THERA will allow to access dimensions as small as 10^{−19} m, a factor of thousand below the scale where partons were first observed in deep inelastic scattering and five times smaller than resolved at HERA.

In the past, lepton–nucleon scattering has been an excellent ground for investigating strong-interaction physics and for developing Quantum Chromodynamics (QCD). The HERA collider greatly improved our understanding of QCD, especially in the low-x region. However, the current experimental and theoretical assessment of QCD is far from complete. QCD predicts the existence of a variety of as yet unknown new forms of hadron matter, such as quark-gluon plasma, or color superconductivity, which are all related to large-distance QCD interactions. In order to fully establish QCD as one of the cornerstones in our picture of fundamental interactions, further research is necessary which should help to elucidate intricate features of QCD and also to find qualitatively new QCD phenomena. Investigating small-x ep reactions at THERA, where the coherence length is about 10^4 fm and the parton densities are high will be a major step in this direction.

Physics at THERA leads far beyond the low-x domain. In this book, many aspects of the exciting physics at THERA are described. These include the role of heavy flavors in strong interactions and the very high Q^2 region and searches for physics beyond the Standard Model, such as quark compositeness and leptoquarks. Extremely important options are high energy physics with real photons, deep inelastic lepton scattering on nuclei, and ep collisions with polarized beams.

2 1 Introduction to the THERA Book

While one can try to extrapolate the current wisdom to the THERA range, only experimental data in this new kinematic domain will substantiate the view on this physics and will undoubtedly lead to new insights. This book presents the foundations of a new ep machine in the TeV range.

We gratefully acknowledge the enthusiastic, ingenious work and contributions of many theorists and experimentalists to this THERA book, and we thank the DESY directorate for encouragement and support.

U. Katz, M. Klein, A. Levy and S. Schlenstedt, editors