APPENDIX A KINEMATICS FOR NEUTRAL

CURRENT SCATTERING

HERA is presently the only asymmetric collider in the world, with the electron beam energy of 26.7GeV and proton beam energy of 820GeV. The HERA laboratory frame is neither the target rest frame nor the center of mass frame. Much effort has been devoted to studies of HERA kinematics by different physics topical groups. Some kinematical relations for neutral current process ep → e^′X are summarized in this Appendix.

The Lorentz invariant variables of theoretical interest, Q^2, W^2, x, y, are defined in terms of scalar products of four-momenta of the beam electron(e), beam proton(p), scattered electron(e^′) and virtual photon(q = e − e^′). They can also be expressed in terms of the two scalar products (e · e^′) and p · e^′), and vice versa. Only two of all these variables are independent. The scalar products (e · e^′) and p · e^′) can be expressed in terms of energy and polar angle measured in the laboratory frame(or any frame), (E^′_e, θ^′_e), and vice versa. Then relations between (Q^2, W^2, x, y) and (E^′_e, θ^′_e) are found. In photoproduction regime(Q^2 ≈ 0), electron mass m_e may not be neglected in certain cases such as in Q^2_{min} determination. Approximations are explicitly noted in the equations. Approximation is usually unnecessary in computer aided theoretical studies.

Definitions of some standard kinematical variables Q^2 = −(e − e^′)^2 (A1) W^2 = (p + q)^2 (A2) s̃ = 2p · e (A3) s = (p + e)^2 (A4) x =^{Q2}_{2p·q} (A5) y =^{2p·q}_{s̃} (A6)

Some relations between Q^2, W^2, x, y Q2 s̃ = xy (A7) W 2−m2_p s̃ = y − xy (A8) x =^{Q2}

W 2−m2_p+Q2 (A9)

y =^{W 2−m2p+Q2}_{s̃} (A10)

(Q^2, W^2, x, y) expressed in terms of (e · e^′) and (p · e^′) Q^2 = 2(e · e^′) − 2m^2_e (A11) W^2 = m^2_p + 2m^2_e + s̃ − 2(e · e^′) − 2(p · e^′) (A12) x =^{2(e·e′)−2m2e} s̃−2(p·e^′) (A13)

y = 1 −^{2(p·e′)}_{s̃} (A14)

(e · e^′) and (p · e^′) expressed in terms of (Q^2, W^2, x, y) e · e^′ = m^2_e +^{Q2}_2 (A15) p · e^′ =^{s̃−(W 2−m2p+Q2)} 2 (A16) e · e^′ =^{s̃}_2 xy + m^2_e (A17) p · e^′ =^{s̃}_2 (1 − y) (A18)

Relations between (E^′_e, θ^′_e) and (e · e^′), (p · e^′) e · e^′ = E_eE^′_e + |⃗e||⃗e^′| cos θ^′_e (A19) p · e^′ = E_pE^′_e − |⃗p||⃗e^′| cos θ^′_e (A20) E^′_e =^{2(e·e′)|⃗p|+2(p·e′)|⃗e|} s̃ (A21) cos θ^′_e =^1_{|⃗e′|}^{2(e·e′)Ep−2(p·e′)Ee} s̃ (A22.a) ≈^{(e·e′)Ep−(p·e′)Ee} (e·e^′)|⃗p|+(p·e^′)|⃗e| (A22.b) ≈ denotes the approximation |⃗e^′| ≈ E^′_e

(Q^2, W^2, x, y) expressed in terms of (E^′_e, θ^′_e) s̃ = 2E_eE_p + 2|⃗e||⃗p| (A23) Q^2 = 2E_eE^′_e + 2|⃗e||⃗e^′| cos θ^′_e − 2m^2_e (A24) W^2 = m^2_p + 2m^2_e + s̃ − 2(E_pE^′_e − |⃗p||⃗e^′| cos θ^′_e) −2(E_eE^′_e + |⃗e||⃗e^′| cos θ^′_e) (A25) x =^{EeE′e+|⃗e||⃗e′| cos θ′e−m2e} s̃/2−EpE^′_e+|⃗p||⃗e^′| cos θ^′_e (A26) y = 1 −^{EpE′e−|⃗p||⃗e′| cos θ′e} s̃/2 (A27)

(E^′_e, θ^′_e) expressed in terms of (Q^2, W^2) E^′_e = (^{Q2+2m2e}_s )|⃗p| + (1 −^{W 2−m2p+Q2}_s )|⃗e| (A28) cos θ^′_e =^1_{|⃗e′|} ((^{Q2+2m2e}_s )E_p − (1 −^{W 2−m2p+Q2}_s )E_e) (A29) ≈^{( Q}

2+2m2 e s )Ep−(1−^W 2−m2 p+Q 2 s )Ee (^Q 2+2m2e s )|⃗p|+(1−^W 2−m2p+Q2 s )|⃗e| (A30)

(E^′_e, θ^′_e) expressed in terms of (x, y) E^′_e = ((1 − y)|⃗e| + xy|⃗p| +^{2m2e}_{s̃} |⃗p|)^{EpEe+|⃗e||⃗p|}_{Ep|⃗e|+Ee|⃗p|} (A31) ∼= ((1 − y)|⃗e| + xy|⃗p| +^{2m2}e_{s̃} |⃗p|) (A32) cos θ^′_e =^{−(1−y)Ee+xyEp+ 2m} 2 e s̃ Ep |⃗e^′| EpEe+|⃗e||⃗p| Ep|⃗e|+Ee|⃗p| (A33) ∼=^{−(1−y)Ee+xyEp+ 2m2e}s̃^{Ep} |⃗e^′| (A34) ≈^{−(1−y)Ee+xyEp+ 2m} 2 e s̃ Ep (1−y)|⃗e|+xy|⃗p|+ 2m2e s̃ |⃗p| (A35)

≈ denotes the approximation |⃗e^′| ≈ E^′_e ∼= denotes the excellent approximation^{EpEe+|⃗e||⃗p|}_{Ep|⃗e|+Ee|⃗p|} ∼= 1 Contours of constant θ^′_e and E^′_e in (x, y) plane x =^{(1−y)(Ee−|⃗e| cos θ′e)− 2m} 2 e s̃ (Ep−|⃗p| cos θ^′_e) y(Ep−|⃗p| cos θ^′_e) (A36) y =^{(Ee+|⃗e| cos θ′e)− 2m} 2 e s̃ (Ep−|⃗p| cos θ^′_e) (Ee+|⃗e| cos θ^′_e)+x(Ep−|⃗p| cos θ^′_e) (A37) x =^{E′e−(1−y)|⃗e|− 2m} 2 e s̃ |⃗p| y|⃗p| (A38) y =^{E′e−Ee− 2m} 2 e s̃ |⃗p| x|⃗p|−|⃗e| (A39) Approximations |⃗e| = E_e √ 1 −^{m2e}_{E2e} = E_e(1 − .183 × 10^{−9}) ≈ E_e (A40) |⃗p| = E_p √ 1 −^{m2p}_{E2p} = E_p(1 − .654 × 10^{−6}) (A41) EpEe+|⃗e||⃗p| Ep|⃗e|+Ee|⃗p| = 1−^{|⃗p|}_{Ep}+_{|⃗p|} (1−^{|⃗e|}_{Ee} ) 1−^{Ep}_{Ep}+_{|⃗p|} (1−^{|⃗e|}_{Ee} ) = 1 + o(10^{−16}) ∼= 1 (A42)

Exact Q^2_{min} expression

Q^2_{min} = (√ (^{s+m2e−m2p} 2 √ s )^2 − m^2_e − √ (^{s+m2e−W 2} 2 √ s )^2 − m^2_e

)_2

− (^{W 2−m2p}_2√_s )^2 (A43)

LIST OF REFERENCES

1. U. Amaldi, M. Jacob and G. Matthiae, Ann. Rev. Nucl. Sci. 26, 385 (1976);

K. Goulianos, Phys. Rep. 101, 169 (1983) Ann. Rev. Nucl. Sci. 26, 385 (1976).

2. A. Donnachie and P.V. Landshoff, Phys. Lett. 185B, 403 (1987); Phys. Lett.

191B, 309 (1987); Nucl. Phys. 303B, 634 (1988); Proc. HERA Workshop 1987, Vol. 1, DESY, (1987) p. 351.

3. F. E. Low, Phys. Rev. D12, 163 (1975); S. Nussinov, Phys. Rev. Lett. 34, 1268 (1975); Phys. Rev. D14, 246 (1976);.

4. S. D. Holmes, W. Lee, and J. E. Wiss, Ann. Rev. Nucl. Part. Sci. 35, 397 (1985).

5. A. Baldini et al., Landolt-Bornstein, Group I, Vol. 12b, Springer-Verlag, ed.

H. Schopper.

6. U. Camerini, et al., Phys. Rev. Lett. 35, 483 (1975). 7. B. Gittelman et al., Phys. Rev. Lett. 35, 1616 (1975). 8. M. Binkley et al., Phys. Rev. Lett. 48, 73 (1982). 9. B. H. Denby et al., Phys. Rev. Lett. 52, 795 (1984). 10. R. Barate et al., Z. Phys. C33, 505 (1987). 11. P.L. Frabetti et al., Fermilab-pub-93/264-E687(1993). 12. Particle Data Group, Phys. Rev. D50, (1994).

13. B. Burow, DESY F35D-94-01, (1994); V.N. Gribov, V.A. Kolkunov, L.B. Okun, V.M. Shekhter, Sov. Phys. JETP 14, 1308 (1962).

14. J. Orear, Notes on Statistics for Physicists, Revised, CLNS 82/511 (1982).

15. H. Jung, Proc. HERA Workshop, Vol. 2, 712(1991); DESY 92-028(1992). 16. HERA, A Proposal for a Large Electron-Proton Colliding Beam Facility at DESY, DESY HERA 81-10 (1981); R. Brinkmann, DESY HERA 88-03 (1988);

B. H. Wiik, Proc. 10th SLAC Summer Institute, ed. A. Moscher, 1982, p. 233, and Proc XXVI Int. Conf. High Energy Physics, Dallas, 1992.

17. H1 Collaboration, Technical Proposal for the H1 Detector, (1986). 18. Zeus Collaboration, The ZEUS detector, Status Report 1993, DESY (1993). 19. M. Derrick, ZEUS Collaboration, Phys. Lett. 303B, 183 (1993). 20. J. Blümlein, M. Klein, T., Riemann, Proc. HERA Workshop 1987, Vol. 1, DESY, (1987) p. 687.

21. M. Derrick, ZEUS Collaboration, Phys. Lett. 306B, 173 (1993). 22. M. Derrick, ZEUS Collaboration, Phys. Lett. 316B, 207 (1993). 23. P. Bruni, G. Ingelman, A. Solano, Proc. HERA Workshop 1991, DESY, 1, p. 363(1991).

24. J.A. Crittenden, M. Nakahata, K. Piotrzkowski, ZEUS 93-041 (1993);

W. Schott et al., The ZEUS Background Radiation Monitor(BRM), ZEUS 93-002 (1993).

25. M. Kasprzak et al., ZEUS 92-072 (1992).

26. J. A. Crittenden, M. Nakahata, K. Piotrzkowski, ZEUS 93-041 (1993). 27. H. Bethe, W. Heitler, Proc. Roy. Soc. A146, 83 (1934). 28. K. Piotrzkowski, DESY F35D-93-06 (1993).

29. M. Derrick, ZEUS Collaboration, Phys. Lett. 293B, 465 (1992);

T. Ahmed et al., H1 Collaboration, Phys. Lett. 299B, 374 (1993). 30. M. Derrick et al., NIM A309, 77 (1991); A. Andresen et al., NIM A309, 101 (1991).

31. B. Rossi, High Energy Particles, Prentice-Hall, New Jersey, 1952; W.R. Nelson, H. Hirayama, and D.W.O. Rogers, SLAC-265 (1985).

32. U. Amaldi, Phys. Scripta 23, 409 (1981). 33. R. Wigmans, NIM A259, 389 (1987).

34. R. Wigmans, Ann. Rev. Nucl. Part. Sci. 41, 133 (1991);

J. Krüger, DESY F35-92-02(1992).

35. T. Akesson et al., NIM A262, 243 (1987); E. Bernadi et al., NIM A262, 229 (1987);.

36. B.G. Bylsma et al., NIM A305, 354 (1991).

37. A. Andersen et al., NIM A290, 95 (1990); DESY 89-149 (1989). 38. A. Bernstein et al., NIM A336, 23 (1993).

39. C.B. Brooks et al., NIM A283, 477 (1989); N. Harnew et al., NIM A279, 290 (1989); B. Foster et al., Nucl. Phys. B, Proc. Suppl. B32, 181 (1993); B. Foster et al., ZEUS 93-107 (1993).

40. C. Alvisi et al., NIM A305, 30 (1991). 41. W. Smith et al., ZEUS 89-084 (1989).

42. ZEUS Data Acquisition Group, ZEUS Contributed Papers of CHEP92, DESY 92-150 (1992); ZEUS Contributions to the Real-Time 93 Conference, Vancouver, Canada; DESY 93-091 (1993).

43. W. Smith, K. Tokushuku, L. Wiggers, ZEUS 90-011 (1990). 44. B.G. Bylsma et al., NIM A337, 512 (1994).

45. J. Butterworth et al., Proc. of Computing in High Energy Physics, Annecy, France 1992, CERN 92-07, p. 230.

46. D. Bandyopadhyay et al., ZEUS Contributions to the REAL-Time 93 Conference, Vancouver, Canada; DESY 93-091.

47. U. Behrens et al.,ibid.

48. G. Hartner and Y. Iga, ZEUS Trigger Monte Carlo Program Status, ZEUS 90-084 (1990).

49. L. Köpke, The ZEUS Primer, DESY 93-006, and references therein.

50. R. Brun et al., GEANT 3.13, CERN DD/EE/84-1, CERN (1987). 51. L.A.T. Bauerdick, T. Haas, M. Kasemann, H. Kowalski, S. Schlenstedt, A Proposal for ZARAH, a Facility for Physics Analysis for the ZEUS Experiment, ZEUS 92-093 (1992).

52. S. M. Fisher and P. Palazzi, The ADAMO Data System Programmer’s Manual; M.G. Green, The ADAMO Data System, an Introduction for Particle Physicists, Royal Holloway and Bedford Nwe College 89-01 (1989).

53. Application Software Group, HBOOK Reference Manual, CERN Program Library Long Writeup, Y250 (1993).

54. R. Brun et al., PAW Physics Analysis Workstation. CERN. 55. W. Smith et al., ZEUS 92-103 (1992).

56. W. Smith, K. Tokushuku, L. Wiggers, ZEUS 93-010 (1990). 57. L. Gladilin et al., ZEUS 93-105 (1993).

58. C. Li, J. N. Lim, U. Mallik, E. McCliment, M.Z. Wang, Y. Zhang, ZEUS 94-054 (1994).

59. H. Abramowicz et al., the Structure Function Group, ZEUS, 93-078, (1993). 60. M. G. Ryskin, Z. Phys. C57, 89 (1993).

61. A. Donnachie and P. V. Landshoff, Nucl. Phys. B244, 322 (1984);

E. L. Berger, J. C. Collins, D. E. Soper and G. Sternman, Nucl. Phys. B286, 704 (1987).

62. G. Ingelman, P. Schlein, Phys. Lett. 152B, 256 (1985). 63. K. H. Streng, Proc. HERA Workshop 1987, DESY, Vol. 1, 351(1987);

CERN-TH 4949(1988).

64. S. Catani, M. Ciafaloni and F. Hautmann, Proc. HERA Workshop 1991, DESY (1991).

65. E. L. Berger and D. Jones, Phys. Rev. D23, 1521 (1981);

B. Baier and H. Rücl, Nucl. Phys. B201, 1 (1982). 66. R. K. Ellis and Z. Kunszt, Nucl. Phys. B303, 653 (1988).

67. R. Van Royen and V. F. Weisskopf, Nuovo Cim. 50, 617 (1967); 51, 583(1967).

68. R. Barbieri, R. Gatto, E. Remiddi, Phys. Lett. 106B, 497 (1981); W. Kwong, P.B. Mackenzie, R. Rosenfeld and J.L. Rosner, Phys. Rev. D37, 3210 (1988).

69. P. B. Mackenzie and G. P. Lepage, Phys. Rev. Lett. 47, 1244 (1981). 70. Particle Data Group, Phys. Rev. D45, (1992).

71. H. Jung, Proc. HERA Workshop, Vol. 3, 1488(1991); and DESY 92-028(1992);

Golubkov, ZEUS 93-056 (1993).

72. H. Jung, D. Krücker, C. Greub, D. Wyler, Z. Phys. C60, 712 (1993); DESY 93-072 (1993).

73. L. Lamberti, DIPSI: A Monte Carlo Generator for Diffractive J/ψ Production, ZEUS 93-113 (1993).

74. B. Anderson, G. Gustafson, G. Ingelman, T. Sjöstrand, Phys. Rep. 97, 31 (1983).

75. S. P. Baranov, O. Dünger, H. Shooshtari, J.A.M.Vermaseren, Proc. HERA Workshop 1991, Vol.3, 1478(1991).

76. H. U. Bengtsson and T. Sjöstrand, Comp. Phys. Comm. 46, 43 (1987). 77. T. Sjöstrand, Comp. Phys. Comm. 39, 347 (1986);

T. Sjöstrand and M. Bengtsson, Comp. Phys. Comm. 43, 367 (1987). 78. A. Mass, PhD thesis, Bonn University(1994).

79. M. Derrick et al., ZEUS Collaboration, submitted to Phys. Lett. 80. Particle Data Group, Phys. Rev. D45, III.E (1992). 81. F. Wilson, B.H. . Y. Hung, K. Long, ZEUS 94-070 (1994). 82. M. Derrick et al., ZEUS Collaboration, contributed paper 0672 to ICHEP94, 27th Int’l. Conf. on High Energy Physics, Glasgow, July 1994, to be published.

83. T. Ahmed et al., H1 Collaboration, Phys. Lett. 338B, 507 (1994). 84. R. Bonino et al., UA8 Collaboration, Phys. Lett. 211B, 239 (1988).

85. A. Brandt et al., UA8 Collaboration, Proc. Joint Int. Lepton Photon Symposium & Europhysics Conf. High Energy Physics, Geneva 1991, ed. S. Hegarty, K. Potter, E. Quercigh.

86. K. Wacker, Proc. 7th Topical Workshop on Proton-Antiproton Collider Physics, ed. R. Raja et al., World Scientific, 1988, p. 611.

87. J. J. Sakurai, Phys. Rev. Lett. 22, 981 (1969). 88. E. Gotsman, E.M. Levin, U. Maor, CBPF-NF-0025/94. 89. A. Donnachie and P. V. Landshoff, Nucl. Phys. B244, 322 (1984);

A. Donnachie and P. V. Landshoff, Nucl. Phys. B267, 690 (1986). 90. J. Nemchik, N.N. Nikolaev, B.G. Zakharov, Phys. Lett. 341B, 228 (1994). 91. N.N. Nikolaev, B.G. Zakharov and V.R. Zoller Phys. Lett. 328B, 486 (1994). 92. E.A. Kuraev, L.N. Lipatov, and V.S. Fadin, Sov. Phys. JETP 44, 443 (1976);

Y. Balitskii and L.N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978). 93. M. Derrick, ZEUS Collaboration, Phys. Lett. 316B, 412 (1993);

I. Abt et at, H1 Collaboration, Nucl. Phys. B407, 515 (1993). 94. J. Pumplin, Phys. Rev. D28, 2741 (1983). 95. J.R. Forshaw and M.G. Ryskin, DESY 94-162 (1994).

To My Parents

ACKNOWLEDGMENTS

The ZEUS experiment was made possible by ten years of brilliant work from hundreds of physicists and engineers to whom I pay respect.

The present analysis grew out of the work by the J/ψ study group to whose members I express my deep gratitude for fruitful cooperation and, in particular, to my mentors J.N. Lim and M.Z. Wang for their continuous guidance and assistance which made this measurement a success. I would also like to acknowledge the following people, mostly from outside of the J/ψ group, for important technical helps. K. Tokushuku and D. Krakauer provided instrumental help in design and implementation of the J/ψ trigger. H.J. Kim, G. Levman, K.W. McLean and W.N. Murray enlightened me through numerous conversations. K. McLean also helped me to adjust to the thrilling HEP laboratory life in the early days. Daily discussions with D. Acosta during the long course of writing this thesis provided essential stimuli. B. Bylsma and L.S. Durkin patiently corrected thousands of mistakes to make the text readable. B. Bylsma is also thanked for undertaking the task of creating the TEXsis OSU Thesis format in which this thesis was written. Improved accuracy and clarity of this document is due to hundreds of comments and suggestions made by D. Acosta, B. Bylsma, L.S. Durkin, J.N. Lim and T.Y. Ling. I take this opportunity to thank C. Rush and his OSU electronics crew for their help in design and construction of the fast digital processor card.

I sincerely thank Tianjin University for permitting me to leave the teaching position and study in America back in 1987. I acknowledge the Ohio State University and the U.S. Department of Energy for financial support to my graduate study. Professors L.S. Durkin, T.Y. Ling and T.A. Romanowski are gratefully acknowledged for offering me the opportunity to become a high energy physicist. In particular, I would like to thank my research advisor L. Stanley Durkin for taking care of me through all these years and for his influence on my views of physics.

My deepest gratitude is reserved for hospitality, attention and morale support I continuously received from people immediately surrounding me and from my family and friends in China, in Germany and in America, who endowed meaning to my research career.

VITA

February 26, 1957 . . . . . . . . . . . . . . Born – Tianjin, China

1982 . . . . . . . . . . . . . . . . . . . . . B.S., Beijing University, Beijing, China

1985 . . . . . . . . . . . . . . . . . . . . . M.S., Beijing University, Beijing, China

1987-1990 . . . . . . . . . . . . . . . . . . Graduate Teaching Associate, The Ohio State University, Columbus, Ohio

1990–Present . . . . . . . . . . . . . . . . Graduate Research Associate, The Ohio State University, Columbus, Ohio

PUBLICATIONS

1. M. Derrick et al., ZEUS Collaboration, “Measurement of the photoproduction process ep → epJ/ψ at HERA”, to be published in 1995.

2. B.G. Bylsma et al., “A fast cluster finding processor for the ZEUS calorimeter”, Nucl. Instr. and Meth. in Phys. Res. A337, 512(1994).

3. B.G. Bylsma et al., “Optical readout components for the ZEUS calorimeter”, Nucl. Instr. and Meth. in Phys. Res. A305, 354(1991).

4. A. Bernstein et al., “Beam test of the ZEUS barrel calorimeter”, Nucl.

Instr. and Meth. in Phys. Res. A336, 23(1991).

5. M. Derrick et al., ZEUS Collaboration, “Measurement of multiplicity and momentum spectra in the current fragmentation region of the Breit frame at HERA”, DESY 95-007(1995), submitted to Z. f. Physik.

6. M. Derrick et al., ZEUS Collaboration, “Observation of hard scattering in photoproduction events with a large rapidity gap at HERA”, DESY 94-210(1994), accepted by Phys. Lett. B - Ref. 4628.

7. M. Derrick et al., ZEUS Collaboration, “Extraction of the gluon density of the proton at small x”, DESY 94-192(1994), accepted by Phys. Lett. B - Ref. 4622.

8. M. Derrick et al., ZEUS Collaboration, “Inclusive Jet Differential Cross Sections in Photoproduction at HERA”, DESY 94-176(1994); Phys. Lett. 322B, 417(1995).

9. M. Derrick et al., ZEUS Collaboration, “A Search for Excited Fermions in Electron-Proton Collisions at HERA” DESY 94-175 (1994), accepted by Z. f. Physik - Manuscript No. 881.

10. M. Derrick et al., ZEUS Collaboration, “Measurement of the Proton Structure Function F_2 from the 1993 HERA Data”, DESY 94-143 (August 1994), accepted by Z. f. Physik - Manuscript No. 847

11. M. Derrick et al., ZEUS Collaboration, “Observation of Jet Production in Deep Inelastic Scattering with a Large Rapidity Gap at HERA”, DESY 94-063 (April 1994); Phys. Lett. 332B, 228(1994).

12. M. Derrick et al., ZEUS Collaboration, “Comparison of energy flows in deep inelastic scattering events with and without a large rapidity gap” Phys. Lett. 338B, 483(1994).

13. M. Derrick et al., ZEUS Collaboration, “Observation of direct processes in photoproduction at HERA”, DESY 93-151(1993); Phys. Lett. 322B, 287(1994).

14. M. Derrick et al., ZEUS Collaboration, “Measurement of total and partial photon proton cross sections at 180GeV center-of-mass energy”, DESY 94-032(1994); Z. f. Physik C63, 391(1994).

15. M. Derrick et al., ZEUS Collaboration, “Hadronic energy distribution in deep-inelastic e-p scatering”, Z. Phys. C59, 231(1993).

16. M. Derrick et al., ZEUS Collaboration, “Search for excited electrons using the ZEUS Detector”, Phys. Lett. 316B, 207(1993).

17. M. Derrick et al., ZEUS Collaboration, “Measurement of the proton structure function F_2 in ep scattering at HERA” Phys. Lett. 316B, 412(1993).

18. M. Derrick et al., ZEUS Collaboration, “Observation of events with large rapidity gap in deep inelastic scattering at HERA”, Phys. Lett. 315B, 481(1993).

19. M. Derrick et al., ZEUS Collaboration, “Search for leptoquarks with ZEUS at HERA”, Phys. Lett. 306B, 173(1993).

20. M. Derrick et al., ZEUS Collaboration, “Observation of two-jet production in deep inelastic scattering at HERA”, Phys. Lett. 306B, 158(1993).

21. M. Derrick et al., ZEUS Collaboration, “Initial study of deep inelastic scattering with ZEUS at HERA”, Phys. Lett. 303B, 183(1993).

22. M. Derrick et al., ZEUS Collaboration, “Measurement of hard scattering in photoproduction at HERA”, Phys. Lett. 297B, 404(1992).

23. M. Derrick et al., ZEUS Collaboration, “A measurement of σ_{tot}(γp) at √ s = 210 GeV”, Phys. Lett. 293B, 465(1992).

24. K.R. Cromack et al., “Thermal process for orientation of polyaniline films”, Macromolecules 14, 4157(1991).

25. Z.H. Wang et al., “Three dimensionality of metallic states in conducting polymers: polyaniline”, Phys. Rev. Lett. 66, 1745(1991).

26. H.H.S. Javadi et al., “Highly conducting polyacetyline: three dimensional delocalization”, Phys. Rev. B43, 2183(1991).

27. H.J. Ye et al., “Infrared properties of the high T_c superconductors T l_2Ba_2CaCu_2O_8”, J. Mater. Res. 5, 1616(1990).

28. C. Li, X. Yao, G. Qin, “Study of defects created by proton implantation in CZ silicon”, Chin. J. Semiconductors 7, 397(1986).

29. G. Qin, C. Li, X. Yao, “Theory and application on determination of the deep-energy-level distributions in presence of high concentration energy-levels”, Chin. Sci. A5, 479(1987).

30. N. He, G. Yao, C. Li, Applications of Microprocessors in Experimental Physics, Higher Education Press, Beijing, 1992.

FIELDS OF STUDY Major Field: Physics

Studies in Experimental High Energy Physics with Professors L.S. Durkin, T.Y. Ling, K. Honscheid; in Experimental Condensed Matter Physics (Conducting Polymers) with Professor A.J. Epstein.

TABLE OF CONTENTS

DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . iii VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . viii LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii CHAPTER PAGE I. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 II. THEORY I: KINEMATICS . . . . . . . . . . . . . . . . . . . . . . . 8 2.1 Classification of J/ψ photoproduction . . . . . . . . . . . . . . 9 2.2 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.2.1 Degrees of freedom and kinematical variables . . . . . . . 11 2.2.2 Reconstruction of kinematical variables . . . . . . . . . . 15 2.3 Reconstruction of the J/ψ meson . . . . . . . . . . . . . . . . 17 2.4 Spin kinematics . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.5 Equivalent photon approximation . . . . . . . . . . . . . . . . 20 2.6 Geometrical acceptance . . . . . . . . . . . . . . . . . . . . . 22 2.7 Estimation on number of signal events . . . . . . . . . . . . . 24 2.8 On J/ψ polarization measurement . . . . . . . . . . . . . . . 25 III. THE ZEUS EXPERIMENT . . . . . . . . . . . . . . . . . . . . . . . 29 3.1 HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.2 The ZEUS detector . . . . . . . . . . . . . . . . . . . . . . . 34 3.2.1 Veto Wall and C5 . . . . . . . . . . . . . . . . . . . . . 36

3.2.2 Luminosity monitor . . . . . . . . . . . . . . . . . . . . 37 3.2.3 Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . 38 3.2.4 CTD and VXD . . . . . . . . . . . . . . . . . . . . . . . 47 3.3 ZEUS trigger and data acquisition system . . . . . . . . . . . 52 3.4 ZEUS detector simulation . . . . . . . . . . . . . . . . . . . . 58 3.5 Reconstruction and analysis environment . . . . . . . . . . . . 60 IV. J/ψ TRIGGERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4.1 J/ψ subtrigger strategy . . . . . . . . . . . . . . . . . . . . . 62 4.2 Global first level trigger . . . . . . . . . . . . . . . . . . . . . 64 4.3 Third level trigger . . . . . . . . . . . . . . . . . . . . . . . . 68 4.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 V. EVENT SELECTION . . . . . . . . . . . . . . . . . . . . . . . . . . 76 5.1 Major triggers . . . . . . . . . . . . . . . . . . . . . . . . . . 77 5.2 Pre-selection based on event history . . . . . . . . . . . . . . . 80 5.3 Final selection based on event topology . . . . . . . . . . . . . 84 VI. EVENT SIMULATION AND THEORY II: POMERON . . . . . . . . 89 6.1 Models for J/ψ production . . . . . . . . . . . . . . . . . . . 89 6.1.1 Inelastic J/ψ production . . . . . . . . . . . . . . . . . . 90 6.1.2 Elastic and diffractive J/ψ production . . . . . . . . . . 92 6.1.3 The process γg → cc̄g → J/ψg . . . . . . . . . . . . . . . 93 6.1.4 The process γIP → J/ψ . . . . . . . . . . . . . . . . . . 96 6.1.5 The process γgg → J/ψ . . . . . . . . . . . . . . . . . . 97 6.2 Monte Carlo generators . . . . . . . . . . . . . . . . . . . . . 97 VII. ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 7.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 7.1.1 Pion pair background . . . . . . . . . . . . . . . . . . . 100 7.1.2 Bethe-Heitler e^+e^− background . . . . . . . . . . . . . . 106 7.1.3 Proton diffractive background . . . . . . . . . . . . . . . 108 7.2 Fitting of the invariant mass spectrum . . . . . . . . . . . . . 108 7.3 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 7.4 Comparison of the data and Monte Carlo simulation . . . . . . 112 7.5 ep cross section determination . . . . . . . . . . . . . . . . . . 113

7.6 γp cross section determination . . . . . . . . . . . . . . . . . . 123 7.7 Systematic errors . . . . . . . . . . . . . . . . . . . . . . . . 125 7.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 VIII. SUMMARY AND OUTLOOK . . . . . . . . . . . . . . . . . . . . 133 8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 8.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 APPENDICES A. KINEMATICS FOR NEUTRAL CURRENT SCATTERING . . . . . . 137 LIST OF REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . 141

LIST OF TABLES

TABLE PAGE 1. Design parameters of HERA . . . . . . . . . . . . . . . . . . . . . . 31 2. Performance of HERA in 1993 . . . . . . . . . . . . . . . . . . . . . 32 3. Abbreviations of ZEUS component detector names . . . . . . . . . . 34 4. CTD superlayer parameters . . . . . . . . . . . . . . . . . . . . . . 47 5. Some design parameters of the CTD . . . . . . . . . . . . . . . . . . 48 6. Some design parameters of the VXD . . . . . . . . . . . . . . . . . . 51 7. GFLT J/ψ → e^+e^− subtrigger logic . . . . . . . . . . . . . . . . . . 65 8. TLT J/ψ → e^+e^− filter logic . . . . . . . . . . . . . . . . . . . . . . 68 9. Electron definition in TLT l^+l^− filter . . . . . . . . . . . . . . . . . 71 10. Muon definition in TLT l^+l^− filter . . . . . . . . . . . . . . . . . . 71 11. The 1993 J/ψ trigger versions . . . . . . . . . . . . . . . . . . . . . 73 12. Signal acceptance at GFLT and TLT (1) . . . . . . . . . . . . . . . 74 13. Signal acceptance at GFLT and TLT (2) . . . . . . . . . . . . . . . 74 14. Signal acceptance at GFLT and TLT (3) . . . . . . . . . . . . . . . 74 15. 1993 data pre-selection . . . . . . . . . . . . . . . . . . . . . . . . 81 16. Final selection of J/ψ → e^+e^− candidates . . . . . . . . . . . . . . 87 17. Pion background study . . . . . . . . . . . . . . . . . . . . . . . . 105 18. Numbers of J/ψ, Bethe-Heitler, and pion pairs in the J/ψ

sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 19. Raw ep cross sections . . . . . . . . . . . . . . . . . . . . . . . . . 122 20. Nominal cross sections . . . . . . . . . . . . . . . . . . . . . . . . . 124 21. Systematic errors for the cross section measurement . . . . . . . . . 131 22. Summary of the cross section measurement . . . . . . . . . . . . . . 132

LIST OF FIGURES

FIGURE PAGE 1. Feynman diagram for ep → epJ/ψ . . . . . . . . . . . . . . . . . . . 1 2. Compilation of photoproduction cross section data . . . . . . . . . . 4 3. Integrated luminosity for 1993 runs . . . . . . . . . . . . . . . . . . 6 4. Classification of J/ψ productions . . . . . . . . . . . . . . . . . . . . 9 5. Illustration of kinematic variables . . . . . . . . . . . . . . . . . . . 12 6. J/ψ polarization and decay leptons angular distribution . . . . . . . . 19 7. f_{γ/e} function calculated from EPA . . . . . . . . . . . . . . . . . . . 20 8. Geometrical acceptance in (y_{rap}, cos θ_1′ ) phase space . . . . . . . . . . 23 9. Minimum number of events needed for polarization measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 10. Layout of HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 11. Layout of the ZEUS detector . . . . . . . . . . . . . . . . . . . . . 34 12. Layout of the luminosity monitor . . . . . . . . . . . . . . . . . . . 37 14. Modular structure of the ZEUS calorimeter . . . . . . . . . . . . . . 41 13. Division and segmentation of the ZEUS calorimeter . . . . . . . . . 41 15. Isometric view of a BCAL module . . . . . . . . . . . . . . . . . . 41 16. Energy resolution and the e/h ratio as measured with the

FCAL prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 17. Layout of wires in the CTD . . . . . . . . . . . . . . . . . . . . . . 47 18. Contours of the magnetic field in the region of CAL . . . . . . . . . 48 19. Polar angle dependence of the momentum and angular resolutions for the ZEUS inner tracking system . . . . . . . . . . . . . 48 20. x-y view of the VXD . . . . . . . . . . . . . . . . . . . . . . . . . 51 21. The ZEUS trigger and data acquisition system. . . . . . . . . . . . 53 22. Architecture of the Fast Clear processor . . . . . . . . . . . . . . . 55

23. Signal and Backgrounds distributions at the GFLT . . . . . . . . . . 65 24. J/ψ → e^+e^− energy as measured by the CAL-FLT . . . . . . . . . . 67 25. Signal and Backgrounds distributions at the TLT . . . . . . . . . . 68 26. Signal and Backgrounds distributions at the TLT(cont) . . . . . . . 68 27. Illustration of the “island algorithm” . . . . . . . . . . . . . . . . . 69 28. Chart of event selection procedure . . . . . . . . . . . . . . . . . . 76 29. Profile of preselected events . . . . . . . . . . . . . . . . . . . . . . 82 30. Profile of diffractive sample . . . . . . . . . . . . . . . . . . . . . . 85 31. Profile of final selected events . . . . . . . . . . . . . . . . . . . . . 87 32. Models of soft processes in J/ψ production . . . . . . . . . . . . . . 91 33. Feynman diagrams of the hard subprocesses in J/ψ production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 34. Profile of the diffractive x^+x^− sample . . . . . . . . . . . . . . . . . 100 35. Calorimeter response to electrons and charged pions . . . . . . . . . 102 36. Profile of the diffractive x^+x^− sample . . . . . . . . . . . . . . . . . 103 37. Estimation of the pion background . . . . . . . . . . . . . . . . . . 105 38. Feynman diagrams of Bethe-Heitler e^+e^− pair production . . . . . . 106 39. J/ψ candidates with Bethe-Heitler e^+e^− pair background . . . . . . 110 40. Resolution of reconstructed J/ψ kinematic variables . . . . . . . . . 112 41. Resolution of reconstructed track variables . . . . . . . . . . . . . . 112 42. Comparison of the data and MC in t . . . . . . . . . . . . . . . . . 112 43. Comparison of the data and MC in y_{rap} . . . . . . . . . . . . . . . 112 44. Comparison of the data and MC in √s_{γp} . . . . . . . . . . . . . . . 112 45. Comparison of the data and MC in θ_{J/ψ} . . . . . . . . . . . . . . . 112 46. Comparison of the data and MC in decay leptons angle . . . . . . . 112 47. Comparison of the data and MC in e^+ angle . . . . . . . . . . . . . 112 48. Comparison of the data and MC in e^− angle . . . . . . . . . . . . . 112 49. Acceptance as a function of t . . . . . . . . . . . . . . . . . . . . . 112 50. Acceptance as a function of y_{rap} . . . . . . . . . . . . . . . . . . . 112 51. Acceptance as a function of √s_{γp} . . . . . . . . . . . . . . . . . . . 112 52. Acceptance as a function of θ_{J/ψ} . . . . . . . . . . . . . . . . . . . 112 53. Acceptance as a function of decay lepton angle . . . . . . . . . . . . 112

54. Model dependence of the average acceptance . . . . . . . . . . . . . 127 55. ep cross section determined by different methods . . . . . . . . . . . 127 56. γp cross section determined by different methods . . . . . . . . . . . 127 57. Comparison of photoproduction cross sections . . . . . . . . . . . . 134