arXiv:hep-ex/0411059 v1 17 Nov 2004

Measurement of the Forward-Backward Charge Asymmetry of Electron-Positron Pairs in pp Collisions at √ s = 1.96 TeV

D. Acosta,^{16} T. Affolder,^9 T. Akimoto,^{54} M.G. Albrow,^{15} D. Ambrose,^{43} S. Amerio,^{42} D. Amidei,^{33} A. Anastassov,^{50} K. Anikeev,^{31} A. Annovi,^{44} J. Antos,^1 M. Aoki,^{54} G. Apollinari,^{15} T. Arisawa,^{56} J-F. Arguin,^{32} A. Artikov,^{13} W. Ashmanskas,^{15} A. Attal,^7 F. Azfar,^{41} P. Azzi-Bacchetta,^{42} N. Bacchetta,^{42} H. Bachacou,^{28} W. Badgett,^{15} A. Barbaro-Galtieri,^{28} G.J. Barker,^{25} V.E. Barnes,^{46} B.A. Barnett,^{24} S. Baroiant,^6 M. Barone,^{17} G. Bauer,^{31} F. Bedeschi,^{44} S. Behari,^{24} S. Belforte,^{53} G. Bellettini,^{44} J. Bellinger,^{58} D. Benjamin,^{14} A. Beretvas,^{15} A. Bhatti,^{48} M. Binkley,^{15} D. Bisello,^{42} M. Bishai,^{15} R.E. Blair,^2 C. Blocker,^5 K. Bloom,^{33} B. Blumenfeld,^{24} A. Bocci,^{48} A. Bodek,^{47} G. Bolla,^{46} A. Bolshov,^{31} P.S.L. Booth,^{29} D. Bortoletto,^{46} J. Boudreau,^{45} S. Bourov,^{15} C. Bromberg,^{34} E. Brubaker,^{12} J. Budagov,^{13} H.S. Budd,^{47} K. Burkett,^{15} G. Busetto,^{42} P. Bussey,^{19} K.L. Byrum,^2 S. Cabrera,^{14} P. Calafiura,^{28} M. Campanelli,^{18} M. Campbell,^{33} A. Canepa,^{46} M. Casarsa,^{53} D. Carlsmith,^{58} S. Carron,^{14} R. Carosi,^{44} M. Cavalli-Sforza,^3 A. Castro,^4 P. Catastini,^{44} D. Cauz,^{53} A. Cerri,^{28} C. Cerri,^{44} L. Cerrito,^{23} J. Chapman,^{33} C. Chen,^{43} Y.C. Chen,^1 M. Chertok,^6 G. Chiarelli,^{44} G. Chlachidze,^{13} F. Chlebana,^{15} I. Cho,^{27} K. Cho,^{27} D. Chokheli,^{13} M.L. Chu,^1 S. Chuang,^{58} J.Y. Chung,^{38} W-H. Chung,^{58} Y.S. Chung,^{47} C.I. Ciobanu,^{23} M.A. Ciocci,^{44} A.G. Clark,^{18} D. Clark,^5 M. Coca,^{47} A. Connolly,^{28} M. Convery,^{48} J. Conway,^{50} B. Cooper,^{30} M. Cordelli,^{17} G. Cortiana,^{42} J. Cranshaw,^{52} J. Cuevas,^{10} R. Culbertson,^{15} C. Currat,^{28} D. Cyr,^{58} D. Dagenhart,^5 S. Da Ronco,^{42} S. D’Auria,^{19} P. de Barbaro,^{47} S. De Cecco,^{49} G. De Lentdecker,^{47} S. Dell’Agnello,^{17} M. Dell’Orso,^{44} S. Demers,^{47} L. Demortier,^{48} M. Deninno,^4 D. De Pedis,^{49} P.F. Derwent,^{15} C. Dionisi,^{49} J.R. Dittmann,^{15} P. Doksus,^{23} A. Dominguez,^{28} S. Donati,^{44} M. Donega,^{18} J. Donini,^{42} M. D’Onofrio,^{18} T. Dorigo,^{42} V. Drollinger,^{36} K. Ebina,^{56} N. Eddy,^{23} R. Ely,^{28} R. Erbacher,^{15} M. Erdmann,^{25} D. Errede,^{23} S. Errede,^{23} R. Eusebi,^{47} H-C. Fang,^{28} S. Farrington,^{29} I. Fedorko,^{44} R.G. Feild,^{59} M. Feindt,^{25} J.P. Fernandez,^{46} C. Ferretti,^{33} R.D. Field,^{16} I. Fiori,^{44} G. Flanagan,^{34} B. Flaugher,^{15} L.R. Flores-Castillo,^{45} A. Foland,^{20} S. Forrester,^6 G.W. Foster,^{15} M. Franklin,^{20} J. Freeman,^{28} H. Frisch,^{12} Y. Fujii,^{26} I. Furic,^{12} A. Gajjar,^{29} A. Gallas,^{37} J. Galyardt,^{11} M. Gallinaro,^{48} M. Garcia-Sciveres,^{28} A.F. Garfinkel,^{46} C. Gay,^{59} H. Gerberich,^{14} D.W. Gerdes,^{33} E. Gerchtein,^{11} S. Giagu,^{49} P. Giannetti,^{44} A. Gibson,^{28} K. Gibson,^{11} C. Ginsburg,^{58} K. Giolo,^{46} M. Giordani,^{53} G. Giurgiu,^{11} V. Glagolev,^{13} D. Glenzinski,^{15} M. Gold,^{36} N. Goldschmidt,^{33} D. Goldstein,^7 J. Goldstein,^{41} G. Gomez,^{10} G. Gomez-Ceballos,^{31} M. Goncharov,^{51} O. González,^{46} I. Gorelov,^{36} A.T. Goshaw,^{14} Y. Gotra,^{45} K. Goulianos,^{48} A. Gresele,^4 M. Griffiths,^{29} C. Grosso-Pilcher,^{12} M. Guenther,^{46} J. Guimaraes da Costa,^{20} C. Haber,^{28} K. Hahn,^{43} S.R. Hahn,^{15} E. Halkiadakis,^{47} R. Handler,^{58} F. Happacher,^{17} K. Hara,^{54} M. Hare,^{55} R.F. Harr,^{57} R.M. Harris,^{15} F. Hartmann,^{25} K. Hatakeyama,^{48} J. Hauser,^7 C. Hays,^{14} H. Hayward,^{29} E. Heider,^{55} B. Heinemann,^{29} J. Heinrich,^{43} M. Hennecke,^{25} M. Herndon,^{24} C. Hill,^9 D. Hirschbuehl,^{25} A. Hocker,^{47} K.D. Hoffman,^{12} A. Holloway,^{20} S. Hou,^1 M.A. Houlden,^{29} B.T. Huffman,^{41} Y. Huang,^{14} R.E. Hughes,^{38} J. Huston,^{34} K. Ikado,^{56} J. Incandela,^9 G. Introzzi,^{44} M. Iori,^{49} Y. Ishizawa,^{54} C. Issever,^9 A. Ivanov,^{47} Y. Iwata,^{22} B. Iyutin,^{31} E. James,^{15} D. Jang,^{50} J. Jarrell,^{36} D. Jeans,^{49} H. Jensen,^{15} E.J. Jeon,^{27} M. Jones,^{46} K.K. Joo,^{27} S. Jun,^{11} T. Junk,^{23} T. Kamon,^{51} J. Kang,^{33} M. Karagoz Unel,^{37} P.E. Karchin,^{57} S. Kartal,^{15} Y. Kato,^{40} Y. Kemp,^{25} R. Kephart,^{15} U. Kerzel,^{25} V. Khotilovich,^{51} B. Kilminster,^{38} D.H. Kim,^{27} H.S. Kim,^{23} J.E. Kim,^{27} M.J. Kim,^{11} M.S. Kim,^{27} S.B. Kim,^{27} S.H. Kim,^{54} T.H. Kim,^{31} Y.K. Kim,^{12} B.T. King,^{29} M. Kirby,^{14} L. Kirsch,^5 S. Klimenko,^{16} B. Knuteson,^{31} B.R. Ko,^{14} H. Kobayashi,^{54} P. Koehn,^{38} D.J. Kong,^{27} K. Kondo,^{56} J. Konigsberg,^{16} K. Kordas,^{32} A. Korn,^{31} A. Korytov,^{16} K. Kotelnikov,^{35} A.V. Kotwal,^{14} A. Kovalev,^{43} J. Kraus,^{23} I. Kravchenko,^{31} A. Kreymer,^{15} J. Kroll,^{43} M. Kruse,^{14} V. Krutelyov,^{51} S.E. Kuhlmann,^2 N. Kuznetsova,^{15} A.T. Laasanen,^{46} S. Lai,^{32} S. Lami,^{48} S. Lammel,^{15} J. Lancaster,^{14} M. Lancaster,^{30} R. Lander,^6 K. Lannon,^{38} A. Lath,^{50} G. Latino,^{36} R. Lauhakangas,^{21} I. Lazzizzera,^{42} Y. Le,^{24} C. Lecci,^{25} T. LeCompte,^2 J. Lee,^{27} J. Lee,^{47} S.W. Lee,^{51} N. Leonardo,^{31} S. Leone,^{44} J.D. Lewis,^{15} K. Li,^{59} C. Lin,^{59} C.S. Lin,^{15} M. Lindgren,^{15} T.M. Liss,^{23} D.O. Litvintsev,^{15} T. Liu,^{15} Y. Liu,^{18} N.S. Lockyer,^{43} A. Loginov,^{35} M. Loreti,^{42} P. Loverre,^{49} R-S. Lu,^1 D. Lucchesi,^{42} P. Lujan,^{28} P. Lukens,^{15} L. Lyons,^{41} J. Lys,^{28} R. Lysak,^1 D. MacQueen,^{32} R. Madrak,^{20} K. Maeshima,^{15} P. Maksimovic,^{24} L. Malferrari,^4 G. Manca,^{29} R. Marginean,^{38} M. Martin,^{24} A. Martin,^{59} V. Martin,^{37} M. Martínez,^3 T. Maruyama,^{54} H. Matsunaga,^{54} M. Mattson,^{57} P. Mazzanti,^4 K.S. McFarland,^{47} D. McGivern,^{30} P.M. McIntyre,^{51} P. McNamara,^{50} R. NcNulty,^{29} S. Menzemer,^{31} A. Menzione,^{44} P. Merkel,^{15} C. Mesropian,^{48} A. Messina,^{49} T. Miao,^{15} N. Miladinovic,^5 L. Miller,^{20} R. Miller,^{34} J.S. Miller,^{33} R. Miquel,^{28} S. Miscetti,^{17} G. Mitselmakher,^{16} A. Miyamoto,^{26} Y. Miyazaki,^{40} N. Moggi,^4 B. Mohr,^7 R. Moore,^{15} M. Morello,^{44} A. Mukherjee,^{15} M. Mulhearn,^{31} T. Muller,^{25} R. Mumford,^{24} A. Munar,^{43} P. Murat,^{15} J. Nachtman,^{15} S. Nahn,^{59} I. Nakamura,^{43} I. Nakano,^{39} A. Napier,^{55} R. Napora,^{24} D. Naumov,^{36} V. Necula,^{16} F. Niell,^{33} J. Nielsen,^{28} C. Nelson,^{15} T. Nelson,^{15} C. Neu,^{43} M.S. Neubauer,^8 C. Newman-Holmes,^{15} A-S. Nicollerat,^{18} T. Nigmanov,^{45} L. Nodulman,^2 O. Norniella,^3 K. Oesterberg,^{21} T. Ogawa,^{56} S.H. Oh,^{14} Y.D. Oh,^{27} T. Ohsugi,^{22} T. Okusawa,^{40} R. Oldeman,^{49} R. Orava,^{21} W. Orejudos,^{28} C. Pagliarone,^{44} F. Palmonari,^{44} R. Paoletti,^{44} V. Papadimitriou,^{15} S. Pashapour,^{32} J. Patrick,^{15}

G. Pauletta,^{53} M. Paulini,^{11} T. Pauly,^{41} C. Paus,^{31} D. Pellett,^6 A. Penzo,^{53} T.J. Phillips,^{14} G. Piacentino,^{44} J. Piedra,^{10} K.T. Pitts,^{23} C. Plager,^7 A. Pompoš,^{46} L. Pondrom,^{58} G. Pope,^{45} O. Poukhov,^{13} F. Prakoshyn,^{13} T. Pratt,^{29} A. Pronko,^{16} J. Proudfoot,^2 F. Ptohos,^{17} G. Punzi,^{44} J. Rademacker,^{41} A. Rakitine,^{31} S. Rappoccio,^{20} F. Ratnikov,^{50} H. Ray,^{33} A. Reichold,^{41} B. Reisert,^{15} V. Rekovic,^{36} P. Renton,^{41} M. Rescigno,^{49} F. Rimondi,^4 K. Rinnert,^{25} L. Ristori,^{44} W.J. Robertson,^{14} A. Robson,^{41} T. Rodrigo,^{10} S. Rolli,^{55} L. Rosenson,^{31} R. Roser,^{15} R. Rossin,^{42} C. Rott,^{46} J. Russ,^{11} A. Ruiz,^{10} D. Ryan,^{55} H. Saarikko,^{21} A. Safonov,^6 R. St. Denis,^{19} W.K. Sakumoto,^{47} G. Salamanna,^{49} D. Saltzberg,^7 C. Sanchez,^3 A. Sansoni,^{17} L. Santi,^{53} S. Sarkar,^{49} K. Sato,^{54} P. Savard,^{32} A. Savoy-Navarro,^{15} P. Schemitz,^{25} P. Schlabach,^{15} E.E. Schmidt,^{15} M.P. Schmidt,^{59} M. Schmitt,^{37} L. Scodellaro,^{42} A. Scribano,^{44} F. Scuri,^{44} A. Sedov,^{46} S. Seidel,^{36} Y. Seiya,^{40} F. Semeria,^4 L. Sexton-Kennedy,^{15} I. Sfiligoi,^{17} M.D. Shapiro,^{28} T. Shears,^{29} P.F. Shepard,^{45} M. Shimojima,^{54} M. Shochet,^{12} Y. Shon,^{58} I. Shreyber,^{35} A. Sidoti,^{44} J. Siegrist,^{28} M. Siket,^1 A. Sill,^{52} P. Sinervo,^{32} A. Sisakyan,^{13} A. Skiba,^{25} A.J. Slaughter,^{15} K. Sliwa,^{55} D. Smirnov,^{36} J.R. Smith,^6 F.D. Snider,^{15} R. Snihur,^{32} S.V. Somalwar,^{50} J. Spalding,^{15} M. Spezziga,^{52} L. Spiegel,^{15} F. Spinella,^{44} M. Spiropulu,^9 P. Squillacioti,^{44} H. Stadie,^{25} A. Stefanini,^{44} B. Stelzer,^{32} O. Stelzer-Chilton,^{32} J. Strologas,^{36} D. Stuart,^9 A. Sukhanov,^{16} K. Sumorok,^{31} H. Sun,^{55} T. Suzuki,^{54} A. Taffard,^{23} R. Tafirout,^{32} S.F. Takach,^{57} H. Takano,^{54} R. Takashima,^{22} Y. Takeuchi,^{54} K. Takikawa,^{54} M. Tanaka,^2 R. Tanaka,^{39} N. Tanimoto,^{39} S. Tapprogge,^{21} M. Tecchio,^{33} P.K. Teng,^1 K. Terashi,^{48} R.J. Tesarek,^{15} S. Tether,^{31} J. Thom,^{15} A.S. Thompson,^{19} E. Thomson,^{43} P. Tipton,^{47} V. Tiwari,^{11} S. Tkaczyk,^{15} D. Toback,^{51} K. Tollefson,^{34} T. Tomura,^{54} D. Tonelli,^{44} M. Tönnesmann,^{34} S. Torre,^{44} D. Torretta,^{15} W. Trischuk,^{32} J. Tseng,^{41} R. Tsuchiya,^{56} S. Tsuno,^{39} D. Tsybychev,^{16} N. Turini,^{44} M. Turner,^{29} F. Ukegawa,^{54} T. Unverhau,^{19} S. Uozumi,^{54} D. Usynin,^{43} L. Vacavant,^{28} A. Vaiciulis,^{47} A. Varganov,^{33} E. Vataga,^{44} S. Vejcik III,^{15} G. Velev,^{15} G. Veramendi,^{23} T. Vickey,^{23} R. Vidal,^{15} I. Vila,^{10} R. Vilar,^{10} I. Volobouev,^{28} M. von der Mey,^7 P. Wagner,^{51} R.G. Wagner,^2 R.L. Wagner,^{15} W. Wagner,^{25} R. Wallny,^7 T. Walter,^{25} T. Yamashita,^{39} K. Yamamoto,^{40} Z. Wan,^{50} M.J. Wang,^1 S.M. Wang,^{16} A. Warburton,^{32} B. Ward,^{19} S. Waschke,^{19} D. Waters,^{30} T. Watts,^{50} M. Weber,^{28} W.C. Wester III,^{15} B. Whitehouse,^{55} A.B. Wicklund,^2 E. Wicklund,^{15} H.H. Williams,^{43} P. Wilson,^{15} B.L. Winer,^{38} P. Wittich,^{43} S. Wolbers,^{15} M. Wolter,^{55} M. Worcester,^7 S. Worm,^{50} T. Wright,^{33} X. Wu,^{18} F. Würthwein,^8 A. Wyatt,^{30} A. Yagil,^{15} U.K. Yang,^{12} W. Yao,^{28} G.P. Yeh,^{15} K. Yi,^{24} J. Yoh,^{15} P. Yoon,^{47} K. Yorita,^{56} T. Yoshida,^{40} I. Yu,^{27} S. Yu,^{43} Z. Yu,^{59} J.C. Yun,^{15} L. Zanello,^{49} A. Zanetti,^{53} I. Zaw,^{20} F. Zetti,^{44} J. Zhou,^{50} A. Zsenei,^{18} and S. Zucchelli,^4 (CDF Collaboration)

1 Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 2 Argonne National Laboratory, Argonne, Illinois 60439 3 Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain 4 Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy 5 Brandeis University, Waltham, Massachusetts 02254 6 University of California at Davis, Davis, California 95616 7 University of California at Los Angeles, Los Angeles, California 90024 8 University of California at San Diego, La Jolla, California 92093 9 University of California at Santa Barbara, Santa Barbara, California 93106 10 Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 11 Carnegie Mellon University, Pittsburgh, PA 15213 12 Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 13 Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 14 Duke University, Durham, North Carolina 27708 15 Fermi National Accelerator Laboratory, Batavia, Illinois 60510 16 University of Florida, Gainesville, Florida 32611 17 Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy 18 University of Geneva, CH-1211 Geneva 4, Switzerland 19 Glasgow University, Glasgow G12 8QQ, United Kingdom 20 Harvard University, Cambridge, Massachusetts 02138 21 The Helsinki Group: Helsinki Institute of Physics; and Division of High Energy Physics, Department of Physical Sciences, University of Helsinki, FIN-00044, Helsinki, Finland 22 Hiroshima University, Higashi-Hiroshima 724, Japan 23 University of Illinois, Urbana, Illinois 61801 24 The Johns Hopkins University, Baltimore, Maryland 21218 25 Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany 26 High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan 27 Center for High Energy Physics: Kyungpook National University, Taegu 702-701; Seoul National University, Seoul 151-742; and SungKyunKwan University, Suwon 440-746; Korea

28 Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 29 University of Liverpool, Liverpool L69 7ZE, United Kingdom 30 University College London, London WC1E 6BT, United Kingdom 31 Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 32 Institute of Particle Physics: McGill University, Montréal, Canada H3A 2T8; and University of Toronto, Toronto, Canada M5S 1A7 33 University of Michigan, Ann Arbor, Michigan 48109 34 Michigan State University, East Lansing, Michigan 48824 35 Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 36 University of New Mexico, Albuquerque, New Mexico 87131 37 Northwestern University, Evanston, Illinois 60208 38 The Ohio State University, Columbus, Ohio 43210 39 Okayama University, Okayama 700-8530, Japan 40 Osaka City University, Osaka 588, Japan 41 University of Oxford, Oxford OX1 3RH, United Kingdom 42 University of Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, I-35131 Padova, Italy 43 University of Pennsylvania, Philadelphia, Pennsylvania 19104 44 Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, I-56100 Pisa, Italy 45 University of Pittsburgh, Pittsburgh, Pennsylvania 15260 46 Purdue University, West Lafayette, Indiana 47907 47 University of Rochester, Rochester, New York 14627 48 The Rockefeller University, New York, New York 10021 49 Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, University di Roma “La Sapienza,” I-00185 Roma, Italy 50 Rutgers University, Piscataway, New Jersey 08855 51 Texas A&M University, College Station, Texas 77843 52 Texas Tech University, Lubbock, Texas 79409 53 Istituto Nazionale di Fisica Nucleare, University of Trieste/ Udine, Italy 54 University of Tsukuba, Tsukuba, Ibaraki 305, Japan 55 Tufts University, Medford, Massachusetts 02155 56 Waseda University, Tokyo 169, Japan 57 Wayne State University, Detroit, Michigan 48201 58 University of Wisconsin, Madison, Wisconsin 53706 59 Yale University, New Haven, Connecticut 06520

We present a measurement of the mass dependence of the forward-backward charge asymmetry (AF B ) for e^+ e^− pairs produced via an intermediate Z/γ^∗ with mass Mee > 40 GeV/c^2. We study the constraints on the Z-quark couplings imposed by our measurement. We analyze an integrated luminosity of 72 pb^{−1} collected by the CDF II detector in pp collisions at √ s = 1.96 TeV at the Fermilab Tevatron. A comparison of the uncorrected AF B between data and Standard Model Monte Carlo gives good agreement with a χ^2/DOF of 15.7/15. The couplings measurements are also consistent with Standard Model predictions.

PACS numbers: 13.85.Qk 12.38.Qk 12.15.Ji 12.15.Mm

I. INTRODUCTION

The reaction pp → ℓ^+ℓ^−, where ℓ is an isolated highp_T lepton, is mediated primarily by virtual photons at low values of dilepton invariant mass (M_ℓ+_ℓ− ) [1, 2], primarily by the Z at M_ℓ+_ℓ− ∼ M_Z , and by a combination of photons and Z bosons outside these regions. The presence of both vector and axial-vector couplings of electroweak bosons to fermions in the process qq → Z/γ^∗ → ℓ^+ℓ^− gives rise to an asymmetry in the polar angle of the lepton momentum relative to the incoming quark momentum in the rest frame of the lepton pair.

At tree level, the process qq → ℓ^+ℓ^− proceeds via an s-channel exchange of either a virtual photon or a Z boson. The neutral current coupling of a fermion f to the Z boson has vector and axial-vector components: J^{Zf} ∼ f̄ (g^f_V + g^f_Aγ_5)f, where g^f_V and g^f_A are the vector and axial-vector couplings of the fermion to the Z respectively. The coupling of the same fermion to the photon is purely a vector coupling and its strength is proportional to the charge of the fermion Q_f . The differential cross section for qq → ℓ^+ℓ^− is obtained by squaring the matrix element, integrating over the azimuthal angle, averaging over the polarization of the incoming particles, and summing over the spin and polarization of the final state particles:

dσ(qq̄ → ℓ^+ℓ^−) d cos θ = C πα^2 2s [Q^2_ℓ Q^2_q(1 + cos^2 θ) + Q_ℓQ_qRe(χ(s))(2g^q_V g^ℓ_V (1 + cos^2 θ) + 4g^q_Ag^ℓ_A cos θ) + |χ(s)|^2 ( (g^q_V^2 + g^q_A^2)(g^ℓ_V^2 + g^ℓ_A^2)(1 + cos^2 θ) + 8g^q_V g^q_Ag^ℓ_V g^ℓ_A cos θ ) ] (1)

where C is the color factor, θ is the emission angle of the lepton (anti-lepton) relative to the quark (anti-quark) in the rest frame of the lepton pair, and χ(s) = 1 cos^2 θ_W sin^2 θ_W s s − M^2_Z + iΓ_Z M_Z

. (2)

The first and the third terms in Eq. (1) correspond to the pure γ^∗ and Z exchange respectively while the second term corresponds to the Z/γ^∗ interference. The angular dependence of the various terms is either cos θ or (1+cos^2 θ). The cos θ terms integrate to zero in the total cross section but induce the forward-backward asymmetry. Let R^{V V} ≡ Q^2_ℓ Q^2_q + 2Q_ℓQ_qg^q_V g^ℓ_V Re(χ(s)) (3)

+ g^ℓ_V^2(g^q_V^2 + g^q_A^2)|χ(s)|^2

R^{AA} ≡ g^ℓ_A^2(g^q_V^2 + g^q_A^2)|χ(s)|^2 (4) R^{V A} ≡ 3 2 g^q_Ag^ℓ_A(Q_ℓQ_qRe(χ(s)) + 2g^q_V g^ℓ_V |χ(s)|^2). (5)

Then the differential cross section is reduced to the following simple expression: dσ d cos θ = C 4 3 πα^2 s R_f [ 3 8 (1 + cos^2 θ) + A_{F B} cos θ] (6)

where R_f = R^{V V} + R^{AA} and A_{F B} =^{RV A}_{Rf} . The meaning of the quantities R_f and A_{F B} can be clearly seen. Integrating Eq. (6) over cos θ, the first term in the square brackets integrates to unity, the second integrates to 0. Therefore σ_{total} = CR_f σ^{QED}_0 , where σ^{QED}_0 is the total QED cross section (the cross section if the Z^0 exchange amplitude were absent). The quantity A_{F B} can be written as

A_{F B} =

∫_{+1} 0 dσ d cos θ d cos θ + ∫_{−1} 0 dσ d cos θ d cos θ

∫_{+1} −1 dσ d cos θ d cos θ = σ_F − σ_B σ_F + σ_B = N^F − N^B N^F + N^B (7) and is identified as the forward-backward asymmetry, where N^F is the number of forward (cos θ > 0) events and N^B is the number of backward (cos θ < 0) events.

A measurement of A_{F B} can constrain the properties of any additional non–Standard Model amplitudes contributing to qq̄ → ℓ^+ℓ^− [3], and is complementary to direct searches for non–Standard Model amplitudes that look for an excess in the total cross section. This is particularly interesting for M_{ee} above LEP II energies, where the measurement is unique to the Tevatron.

In addition, Eq. (1) shows that depending on the invariant mass, a different combination of vector and axialvector couplings contribute to the differential cross section. Consequently, A_{F B} is a direct probe of the relative strengths of the coupling constants between the Z boson and the quarks. The invariant-mass dependence of A_{F B} is also sensitive to u and d quarks separately, unlike other precise measurements of light quark Z couplings in νN scattering [4] and atomic parity violation [5] on heavy nuclei.

In this paper, a number of different comparisons between the data and Standard Model expectations are presented. The uncorrected M_{ee}, cos θ^∗, and A_{F B} data distributions are compared with the output of our Monte Carlo and detector simulation. The first principal result is a measurement of A_{F B} in 15 M_{ee} bins using an unfolding analysis that doesn’t assume a prior Standard Model A_{F B} distribution. The second principal result is a measurement of three sets of parameters: the Zquark couplings, the Z-electron couplings, and sin^2 θ_W . In making each of these three measurements, the other parameters are held fixed with the values given by the Standard Model. The measured Z-quark couplings are then used to determine experimental correction factors for acceptance and efficiency of dielectron events. The correction factors are used for the measurement of A_{F B} with Standard Model assumptions.

The previous measurement from the Collider Detector at Fermilab (CDF) [6] was made with the data taken between 1992 and 1995 using the Run I detector. The Run I measurement assumed a Standard Model A_{F B} distribution for calculating efficiency and acceptance experimental correction factors. The present measurement uses the dielectron data taken between March 2002 and January 2003 with the CDF II detector, corresponding to an integrated luminosity of 72 pb^{−1}.

The paper is structured as follows. A description of the detector and an overview of the analysis are given in Sec. II. Event selection and candidate events are discussed in Sec. III. The estimation and characteristics of the backgrounds are described in Sec. IV. The acceptance and corrections for detector effects are described in Sec. V. The systematic uncertainties are summarized in Sec. VI. Finally, the results of the forward-backward asymmetry and coupling measurements are presented in Sec. VII.

II. OVERVIEW

This section begins with a discussion of aspects of the detector, triggers and data samples that are relevant to this measurement. The nature of Z/γ^∗ → e^+e^− events in a hadron collider and the overall strategy of the analysis are presented. This paper uses a cylindrical coordinate system, with the positive z axis oriented along the beamline in the direction of the proton’s momentum.

A. Detector and triggers

The Collider Detector at Fermilab (CDF II) is a general-purpose detector designed to study the physics of pp collisions at √ s = 1.96 TeV at the Fermilab Tevatron collider. Like most detectors used at high-energy colliders, it has a cylindrical geometry with axial and forward-backward symmetry. A diagram of the inner part of the CDF II detector is shown in Fig. 1. The innermost part of the detector contains an integrated tracking system with a silicon detector and an open-cell drift chamber. A solenoidal magnet surrounding the tracking chambers provides a 1.4 T field aligned with the proton beam axis. The integrated tracking system is surrounded by calorimeters which cover 2π in azimuth and from −3.6 to 3.6 in pseudorapidity, η_{det} (see Fig. 1). Outside of the calorimeters is a muon system with coverage from −1.5 to 1.5 in η_{det}. The CDF II detector is a major upgrade to the detector that took data until 1996. The entire tracking system subtending |η_{det}| < 2 and the plug calorimeter subtending 1.1 < |η_{det}| < 3.6 have been replaced to handle the higher rate of collisions and increase the capabilities for physics analyses in Run II. This analysis uses the open-cell drift chamber called the central outer tracker (COT) and the calorimeters. A more detailed detector description can be found in Refs. [7, 8], and a description of the upgraded detector can be found in Ref. [9].

The COT detector [10] is a 96 layer, 3.2 m long opencell drift chamber which, combined with the solenoid, is used to measure the momenta of charged particles with |η_{det}| < 1. The detector extends from a radius of 40 cm to a radius of 137 cm. The 96 layers are divided into 8 “super-layers”, which alternate between super-layers where the wires are axial (i.e., parallel to the z axis) and super-layers where the wires have a ±2^∘ stereo angle, providing three-dimensional tracking. The calorimeter consists of a lead-scintillator electromagnetic (EM) compartment with shower position detection backed by an iron-scintillator hadronic compartment. The calorimeters are segmented in projective η_{det}–ϕ towers pointing to the nominal interaction point, at z = 0. While the central calorimeter (|η_{det}| < 1.1) is retained mostly unchanged from Run I [11, 12, 13, 14, 15, 16], the plug calorimeter [17] with 1.1 < |η_{det}| < 3.6 is a major component of the Run II upgrade (Fig. 2), and largely follows the design of the central detector. Since the calorimeter segmentation is coarse compared to the dimensions

FIG. 1: One quadrant of the CDF II tracking and calorimetric detectors. The detectors have axial and reflective symmetry about z=0. CDF uses a cylindrical coordinate system with the z (longitudinal) axis along the proton-beam direction; r is the transverse coordinate, and ϕ is the azimuthal angle. The detector pseudorapidity is defined as ηdet ≡ −ln(tan^{θdet}_2 ), where θdet is the polar angle relative to the proton-beam direction measured from z = 0. The event pseudorapidity is defined as ηevt ≡ −ln(tan^{θevt}_2 ), where θevt is the polar angle measured from the nominal pp collision point in z. The transverse momentum (p_T ) and energy (ET ) are the components projected onto the plane perpendicular to the beam axis (p_T ≡ p · sin θ ; ET ≡ E · sin θ). The missing transverse energy, E̸t, is defined as the magnitude of −ΣiE^i_T n̂i, where n̂i is a unit vector in the perpendicular plane that points from the beamline to the ith calorimeter tower.

of an electron shower, position detectors (shower maximum detectors, CES in the central region and PES in the plug region) are placed at a depth of approximately six radiation lengths, roughly the position of the shower maximum, inside the EM calorimeters. These detectors measure the position and profile of the showers and help differentiate electrons from hadrons.

The trigger system has undergone a complete redesign as a result of the accelerator and detector upgrades. The CDF trigger is a three-level system that selects events out of a 2.5 MHz crossing rate to be written to magnetic tape at a rate of ∼75 Hz. The first two levels [18] are composed of custom electronics with data paths separate from the data acquisition system. The third level [19] receives the complete detector information from the data acquisition system and runs a version of the reconstruction software optimized for speed on a farm of commercial computers. The Z/γ^∗ events used in this measurement are selected by high-E_T central electron triggers. At Level 1, electrons are selected by the presence of an energy deposition of E_T > 8 GeV in an EM calorimeter tower and a matching two-dimensional (r–ϕ plane) track with p_T > 8 GeV/c reconstructed in the COT by

FIG. 2: Cross section of upper part of plug calorimeter (top), and transverse segmentation, showing physical and trigger towers in a 30^∘ ϕ section (bottom). The logical segmentation for clustering purposes is the same except in the outer two rings (θ > 30^∘), where two neighboring (in azimuth) 7.5^∘ towers are merged to match the 15^∘ segmentation of the central and wall calorimeters behind them.

the eXtremely Fast Tracker (XFT) [20]. At Level 2, the electron energy is reconstructed in a cluster of EM towers and is required to have E_T > 16 GeV. At Level 3, a reconstructed EM cluster with E_T > 18 GeV and a matching three-dimensional track with p_T > 9 GeV/c are required. At each level, the energy in the hadronic towers just behind the EM tower or cluster is required to be less than 12.5% of the EM energy. Another trigger path that does not require a hadronic energy fraction is added to this measurement in order to improve the trigger efficiency for central electrons with very high E_T . The integrated luminosity of the data sample for this analysis is (72 ± 4) pb^{−1}.

B. Data samples

Four data samples are employed in this analysis. These are described briefly below and in more detail in subsequent sections.

• Z/γ^∗ → e^+e^− sample: A sample of 5,200 dielectron candidates is used to measure A_{F B} , calibrate the energy scale and resolution of the EM calorimeter, and study the material in the tracking volume.

• W → eν sample: A sample of 38,000 W → eν candidates, where the electron is reconstructed in the central calorimeter, is used to study the material in the tracking volume, to calibrate the relative calorimeter response within a central tower, and to check charge biases in measuring electrons.

• Inclusive electron sample: A sample of 3 million central electron candidates with E_T > 8 GeV is used to calibrate the relative response of the central EM calorimeter towers.

• Dijet samples: A sample of 1 million dijet events (events with at least two jets, each with E_T > 20 GeV) is used to measure the rate at which jets fake an electron signature and to estimate the dijet background. A jet is defined as a cluster of energy reconstructed in the calorimeter. Triggers for the sample require a calorimeter tower with E_T > 5 GeV at Level 1, a calorimeter cluster with E_T > 15 GeV at Level 2, and a reconstructed jet with E_T > 20 GeV at Level 3. Due to the high cross section, only 1 in roughly 400 events on average were randomly selected to be recorded for this trigger. Jet samples with higher trigger thresholds (50 GeV, 70 GeV, and 100 GeV at Level 3) are also used to cross-check the fake rate for a trigger bias.

C. Monte Carlo samples

Monte Carlo generation and detector simulation are used to measure the acceptance for the Drell-Yan process, model the effect of radiation and detector resolution, determine the characteristics and amount of background in the data sample, and understand systematic uncertainties on the A_{F B} measurement. PYTHIA [21] and HER- WIG [22] generators with CTEQ5L PDFs [23] are used for most of the samples. These generate processes at leading order and incorporate initial- and final-state QCD and QED radiation via their parton shower algorithms (HERWIG does not include final-state QED radiation). PYTHIA is tuned so that the underlying event (the remaining pp fragments from the collision) and the p_T spectrum of Z bosons agree with the CDF data [24]. Two matrix element generators, WGAMMA [25] and ALP- GEN [26], are used to check the W + X → eν + X background estimate from PYTHIA, where X is a photon or hadronic jet. The generator WGAMMA calculates the cross section of the pp → W γ process. It uses electroweak helicity amplitudes for W γ production and radiative W boson decays, including all interference terms. ALPGEN performs the calculation of the matrix element for the production of W +quark and W +gluon final states. The detector simulation models the decay of generated particles and their interactions with the various elements of the CDF detector. A full GEANT3 [27] simulation is used to simulate the tracking volume. A parameterized simulation is used for the calorimeters and muon chambers. Comparisons between the data and Monte Carlo simulation are discussed in Sec. III D.

There are nine Monte Carlo samples used in this analysis, which are briefly described below.

• Z/γ^∗ → e^+e^− sample: A sample generated with PYTHIA is used to calculate corrections due to acceptance, bremsstrahlung, and energy resolution, and to estimate the systematic uncertainties due to the energy scale and resolution. A quarter of the sample was generated with M_{Z/γ∗} > 105 GeV/c^2 to reduce the statistical uncertainties associated with the Monte Carlo sample in the high-mass region.

• Z/γ^∗ → e^+e^− sample for material systematics:

Three PYTHIA samples are used to estimate the change in the measured A_{F B} between the default simulation and a modified simulation which adds or subtracts 1.5% radiation length (X_0) of copper in a cylinder in the central region and^1_6 X_0 of iron on the face of the plug calorimeter. QCD fragmentation is turned off for these samples in order to save CPU time.

• Z/γ^∗ → τ^+τ^− sample: A PYTHIA sample is used to estimate the background due to Z/γ^∗ → τ^+τ^−. TAUOLA [28] is used to decay τ ’s.

• Dijet sample: A PYTHIA sample with all 2 → 2 processes is used to understand the characteristics of the dijet background. A lower limit of p_T > 18 GeV on the transverse momentum in the rest frame of the hard interaction is applied.

• tt sample: A HERWIG sample is used to estimate the background due to tt production.

• Diboson samples: A sample with W W production and a sample with W Z production are generated using PYTHIA and used to estimate the diboson backgrounds.

• W → eν sample: A PYTHIA sample is used to estimate the background due to the inclusive W production.

• W γ → eνγ sample: A WGAMMA sample is used to cross-check the background due to W + γ production.

• W + q/g → eν + q/g sample: An ALPGEN sample is used to estimate the background due to W + quark or gluon production.

D. Strategy of analysis

This analysis focuses on e^+e^− pair production via an intermediate Z/γ^∗. The goal of this analysis is to measure A_{F B} as a function of the invariant mass of the dielectron pair. The dielectron sample is chosen because of

FIG. 3: Diagram of pp → Z/γ^∗, where one of the quarks radiates a gluon or photon imparting transverse momentum to the quark. Once the quarks annihilate to Z/γ^∗, the source of the transverse momentum is ambiguous.

the low backgrounds and the good polar angle coverage of electrons in the CDF II detector.

When the incoming quarks participating in the Drell- Yan process have no transverse momentum relative to their parent baryons, θ in Eq. (6) is determined unambiguously from the four-momenta of the electrons by calculating the angle that the electron makes with the proton beam in the center-of-mass frame of the electronpositron pair. When either of the incoming quarks has significant transverse momentum, however, there exists an ambiguity in the four-momenta of the incoming quarks in the frame of the electron-positron pair, since one cannot determine the four-momenta of the quark and antiquark individually (see Fig. 3). The Collins-Soper formalism [29] is adopted to minimize the effects of the transverse momentum of the incoming quarks in Eq. (6). (The magnitude of the effect in the Collins-Soper frame is discussed in Sec. VII B.) In this formalism, the polar axis is defined as the bisector of the proton beam momentum and the negative of the anti-proton beam momentum when they are boosted into the center-of-mass frame of the electron-positron pair. The variable θ^∗ is defined as the angle between the electron and the polar axis. Let Q (Q_T ) be the four-momentum (transverse momentum) of the electron-positron pair, P_1 be the four-momentum of the electron, and P_2 be the four-momentum of the positron, all measured in the lab frame. Then cos θ^∗ is given by

cos θ^∗ = 2 √ Q^2(Q^2 + Q^2_T )

(P^+_1 P^−_2 − P^−_1 P^+_2 ), (8)

where P^±_i =^{1√}_2 (P^0_i ± P^3_i ), and P^0 and P^3 represent the energy and the longitudinal component of the momentum, respectively. Forward events are defined as having cos θ^∗ > 0 and backward events are defined as having cos θ^∗ < 0.

The A_{F B} measurement is made in 15 bins of M_{ee} between 40 GeV/c^2 and 600 GeV/c^2. The bin sizes are chosen based on the detector M_{ee} resolution and the relative

Drell-Yan cross sections in each bin. Once the event selection has been made, the estimated number of forward and backward background events are subtracted from the candidate sample in each M_{ee} bin. The raw forwardbackward asymmetry (A^{raw}_{F B} ) is calculated by applying Eq. (7) to the background subtracted sample.

The goal is to connect what we measure in the detector after background subtraction (A^{raw}_{F B} ) to theoretical calculations (A^{phys}_{F B} ). If the detector simulation is available, a direct comparison can be made between the uncorrected data and a model prediction. These comparisons are made in Sec. VII A. If the simulation is not available, the true A^{phys}_{F B} must be unfolded from A^{raw}_{F B} . A^{raw}_{F B} must be corrected for detector acceptances and efficiencies (which sculpt the cos θ^∗ distribution) and for smearing effects (which move events between M_{ee} bins) to obtain A^{phys}_{F B} , which can be compared directly to theoretical calculations. The M_{ee} bin migration near the Z pole is not negligible, which makes it difficult to unfold A^{phys}_{F B} in those bins. Performing an unconstrained unfolding analysis in those bins results in large uncertainties, while applying Standard Model or other constraints can bias the result. Two different unfolding analyses are performed to reconstruct A^{phys}_{F B} with different constraints. Both unfolding analyses assume the Standard Model^{dσ}_{dMee} to be able to calculate the event migration effects. The uncertainties associated with systematic effects are estimated by varying the magnitude of these effects in the Monte Carlo simulation and recalculating the results for each analysis.

The first and least constrained analysis is performed by fitting for A^{phys}_{F B} with a smoothing constraint. The acceptance and event migration are parameterized (Sec. V D) to transform A^{phys}_{F B} into A^{raw}_{F B} ,

(A^{raw}_{F B} )_i = g(A, i), (9)

where A = {(A^{phys}_{F B} )_1, (A^{phys}_{F B} )_2, . . . , (A^{phys}_{F B} )_{15}}.(10)

The probability, for a given A_{F B} , to find a number of forward and backward events is the binomial probability (P [A_{F B}, N^F , N^B]). The maximum likelihood method is used to obtain the 15 values of A^{phys}_{F B} or A (Sec. VII C), where the negative log likelihood with a smoothing constraint for bins near the Z pole is defined as α = 15∑ i=1 −log(P [g(A, i), N^F_i , N^B_i ]) + λ · 9∑ i=2 S[A_i], (11)

where A_i = {(A^{phys}_{F B} )_{i−1}, (A^{phys}_{F B} )_i, (A^{phys}_{F B} )_{i+1}}, (12)

S[A_i] is a regularization function, and λ is the regularization parameter. This analysis makes no assumptions about the shape of A_{F B} (aside from it being smooth near the Z pole), but it has the largest uncertainties.

In a second analysis, the parameterized acceptance and event migration are also used for the measurement of the Z-quark and Z-electron coupling constants, and sin^2 θ^{eff}_W . We vary the couplings at generator level and perform a χ^2 fit between the smeared theoretical calculations and A^{raw}_{F B} to extract the couplings. This analysis is described in detail in Sec. VII D.

Continuing with the second analysis, A_{F B} can be measured by assuming the Standard Model A_{F B} shape with the measured Z-quark couplings. In this method, acceptance correction factors (a^±_{cor} ) are used to correct the number of forward and backward events in each M_{ee} bin. The correction factor accounts for the effects of detector acceptance and efficiency, and bin migration (Sec. V E). These correction factors depend on the input A^{phys}_{F B} that is used to calculate them. To constrain the Standard Model bias, the input A^{phys}_{F B} is constrained to the prediction with uncertainties from the Z-quark coupling analysis. Then A^{phys}_{F B} can be calculated directly using the correction factors (Sec. VII E). Equation (7) can be rewritten:

A^i_{F B} = (_{dσ} dM )_+ i − (_{dσ} dM )_− i (_{dσ} dM )_+ i + (_{dσ} dM )_− i , (13)

where ( dσ dM )_± i = (N^±_i − B^±_i ) ΔM_iL(a^±_{cor} )_i . (14)

In Eq. (14), ΔM_i is the size of the i-th mass bin, and L is the integrated luminosity. N^+(N^−) and B^+(B^−) are the number of candidate and estimated background events in the forward (backward) region, respectively. Canceling common factors, the forward-backward asymmetry can be written as

A^i_{F B} =

N^+_i −B^+_i (a^+_{cor})_i − N^−_i −B^−_i (a^−_{cor} )_i N^+_i −B^+_i (a^+_{cor})_i + N^−_i −B^−_i (a^−_{cor} )_i . (15)

The analysis using correction factors has smaller uncertainties than the unconstrained method, but it assumes no non-standard physics outside of deviations in Z-quark couplings. This analysis technique is similar to the Run I measurement.

While these analyses make different constraints on the form of A_{F B} , it is important to note that they should give similar results in bins where there is a negligible amount of event migration between M_{ee} bins. At high mass, where the bin sizes are very large compared to the detector resolution, the results are independent of the unfolding method.

III. ELECTRON MEASUREMENT

This analysis requires two electrons (e^+, e^−) in the event, one in the central region, and the other in the central or plug region. This section describes the identification of central and plug electrons, the event selection criteria, the electron energy scale and resolution, and the charge identification of electrons. In most cases, discussion of electrons refer to both electrons and positrons.

A. Central electron identification

Electron identification in the central calorimeter is almost identical to the algorithm used in Run I, since the calorimeter is unchanged and the new drift chamber has a geometry very similar to the previous one. For a more detailed description of the central electron reconstruction variables see Ref. [8]. An electron candidate is reconstructed if there is a central tower with E_T > 2 GeV and a charged drift chamber track that extrapolates to the tower. The adjacent towers on either side in η_{det} are added to the cluster, and the cluster is not accepted if the energy in the hadronic part is more than 12.5% of the energy in the EM part. An electron is considered within the fiducial region of the detector if its track points within 60 cm in z of the center of the detector and extrapolates to the calorimeter away from any wedge boundaries. (A wedge consists of those towers with the same value of ϕ.) The polar range of electrons in the central region is |η_{det}| < 1.0. The energy of the electron is determined by the total energy it deposits in the EM calorimeter. The momentum (p_T ) of the electron is determined by the highest-p_T COT track associated with the EM cluster. The track is constrained to the position of the beamline in r–ϕ. The direction of the electron’s momentum is taken from the direction of the track and is used in the calculations of the transverse component of the energy (E_T ) and the invariant mass of the electron pairs. The charge of the electron (q) is determined from the curvature of the track. The variables that are used to discriminate electrons from hadrons are: (1) the ratio of the hadronic energy to the electromagnetic energy (E_{had}/E_{em}); (2) the total transverse energy within a radius of 0.4 in ΔR = √ Δη^2_{evt} + Δϕ^2 of the cluster centroid, excluding the cluster energy itself (E^{iso}_T );(3) the ratio of the calorimeter energy to the momentum of the track (E/p); (4) the comparison of the lateral sharing of energy among the calorimeter towers with that of test beam electron data (L_{shr} ); (6) a χ^2 comparison of the shower profile measured by the shower maximum detector with the shower profile measured from test beam electrons (χ^2_{strip}); (5) the distance in r–ϕ and z between the electron shower position measured by the shower maximum detector and the extrapolated track position (q ·Δx and Δz). An asymmetric cut is made on q · Δx because bremsstrahlung distorts the shower shape in the r–ϕ direction. Since the magnetic field bends an electron’s trajectory, but not a photon’s, the bremsstrahlung photons tend to enter the calorimeter to the side of the primary electron opposite the bending, which is determined by the electron’s charge. By multiplying the charge by Δx, most of the distortion from bremsstrahlung photons is isolated to q · Δx < 0.

B. Plug electron identification

The electron clusters in the plug region, subtending 1.2 < |η_{det}| < 3.0, are limited to 2 × 2 towers (two towers in pseudorapidity by two towers in azimuth). Since the Moliere radius of a typical electron shower is significantly smaller than the size of the plug EM towers, the clusters fully contain electron energies. As with the central clusters, plug electron clusters are accepted if E_{had}/E_{em} < 12.5%. The major difference between central and plug electrons is the tracking. In the central region, the COT tracking is very efficient (99.6%), whereas in the plug region the efficiency rapidly falls off as |η_{det}| increases due to the geometrical acceptance of the COT. In this analysis no tracking is used for plug electrons. The z position of the collision for the event (z_{vertex}) is provided by the z position of the central electron’s track. The electron’s shower centroid is determined from a fit of the energy distribution among the calorimeter towers. The direction of the plug electron is determined by extrapolating from z_{vertex} to the shower centroid. The unmeasured charge of the plug electron is assumed to be the opposite of the central electron. The following variables are used to discriminate electrons from hadrons in the plug region : (1) the ratio of the hadronic energy to the EM energy (E_{had}/E_{em}); (2) the total transverse energy within a radius of 0.4 in ΔR = √ Δη^2_{evt} + Δϕ^2 of the cluster centroid, excluding the cluster energy itself (E^{iso}_T ); (3) a χ^2 comparison of the energy distribution in 3 × 3 EM towers around the seed tower to the energy distributions from test beam electrons (P EM χ^2_{3×3}). The selection criteria for plug electrons are summarized in Table I.

C. Event selection

Z/γ^∗ → e^+e^− candidate events are required to have two electrons with E_T > 20 GeV. One of the electrons is required to be in the central region and to pass the full set of identification cuts (see Table I). This electron is called the central-tight electron. The second loose electron is allowed to be in either the central or plug region and has relaxed identification cuts for higher efficiency (see Table I). Based on these selection criteria, two topologies are defined for dielectron events: central-central topology, where one central-tight and one central-loose electron are required, and central-plug topology, where one central-tight electron and one plug-loose electron are required. In the central-central topology, the two electrons are required to have opposite charge. In the central-plug topology, no charge requirement is made since the plug electron’s charge is not measured.

The absolute identification efficiencies are measured from the Z/γ^∗ → e^+e^− data where one electron is selected using the central-tight electron cuts, and the second electron is used as a probe to measure the identification efficiencies. The total identification efficiencies

Variable Central-Tight Central-Loose Plug-Loose ET > 20 GeV > 20 GeV > 20 GeV pT > 10 GeV > 10 GeV N/A Ehad /Eem < 0.055 < 0.055 < 0.05 + 0.00045 ∗ E + 0.00045 ∗ E E^{iso}_T < 4 GeV < 4 GeV < 4 GeV E/p < 2 no cut N/A for ET < 50 GeV Lshr < 0.2 no cut N/A χ^2_{strip} < 10 no cut N/A q ∗ Δx > −3 cm, no cut N/A < 1.5 cm |Δz| < 3 cm no cut N/A P EMχ^2_{3×3} N/A N/A < 10

TABLE I: Criteria for electron candidates. Z/γ^∗ → e^+e^− candidates require at least one central-tight electron and at least one additional loose electron (central or plug) in the event.

are found to be (83.4 ± 0.8)% for central-tight electrons, (94.3 ± 0.5)% for central-loose electrons, and (87 ± 2)% for plug-loose electrons. Since we measure the ratios of forward and backward events to the total events, only the relative difference in efficiencies between forward and backward events affects the A_{F B} measurement. The relative efficiencies and their dependence on M_{ee} are estimated from the Monte Carlo simulation (see Fig. 4). The difference between the forward and backward event efficiencies is largest just below the Z pole. The dip in efficiency below the Z pole is due to contamination from mis-measured events from the pole. The events are mismeasured due to photon radiation which also lowers the electron identification efficiency. The forward efficiency is lower because the events are more forward at the Z pole, resulting in more contamination for forward events.

Based on these selection criteria, we find 1,892 centralcentral and 3,319 central-plug Z/γ^∗ → e^+e^− candidates. The invariant-mass distribution is shown in Fig. 5 and the number of events in each mass bin is given in Table II.

D. Detector simulation of Z/γ^∗ → e^+e^−

The simulation is used to understand the detector’s geometric acceptance for electrons, bremsstrahlung radiation from interactions with the detector material, and the energy scale and resolution for electrons in the tracking chambers and calorimeters. In this section, comparisons of the kinematic and geometric distributions between the data and simulation are discussed, and any discrepancies are presented as a possible systematic uncertainty.

The geometric acceptance is largely dependent on the location of the pp interaction vertex (z_{vertex} distribution) and the geometric description of the detector. Fig-

FIG. 4: Event electron identification efficiency, (ϵ^±_i )ID, as a function of Mee measured from the Z/γ^∗ → e^+ e^− simulation. The dashed line is for forward events and the solid line is for backward events. The dip in efficiency below 90 GeV/c^2 and the differences between forward and backward efficiencies are due to radiation effects (see Sec. III C).

Mass Region C-C C-P

40 ≤ Mee < 60 GeV/c^2 69 85 60 ≤ Mee < 70 GeV/c^2 42 72 70 ≤ Mee < 78 GeV/c^2 48 119 78 ≤ Mee < 86 GeV/c^2 204 329 86 ≤ Mee < 88 GeV/c^2 151 299 88 ≤ Mee < 90 GeV/c^2 301 512 90 ≤ Mee < 92 GeV/c^2 416 610 92 ≤ Mee < 94 GeV/c^2 330 543 94 ≤ Mee < 100 GeV/c^2 243 545 100 ≤ Mee < 105 GeV/c^2 30 68 105 ≤ Mee < 120 GeV/c^2 29 61 120 ≤ Mee < 140 GeV/c^2 13 31 140 ≤ Mee < 200 GeV/c^2 9 36 200 ≤ Mee < 300 GeV/c^2 6 8 300 ≤ Mee < 600 GeV/c^2 1 1

TABLE II: The number of central-central (C-C) and centralplug (C-P) Z/γ^∗ → e^+e^− candidates in each mass region.

ure 6A shows the distribution of η_{det} for electrons in the Z/γ^∗ → e^+e^− data sample compared with the prediction from the Monte Carlo simulation. The discrepancies shown in Fig. 6A are used to estimate a systematic uncertainty on the fiducial acceptance (see Sec. VI). The Monte Carlo simulation correctly models the observed z_{vertex} distribution (Fig. 6B). Fitting the z_{vertex} distribution to a Gaussian function yields an average position in z of +2.5 cm and a width of 28 cm.

The calorimeter energy scale and resolution in the simulation are tuned so that the mean and width of the Z → e^+e^− peak in the simulation are consistent with

FIG. 5: Distribution of dielectron invariant mass from Z/γ^∗ → e^+e^− candidates in 72 pb^{−1} of Run II data.

those from the data (see Sec. III E). The E_T distribution of the electrons for central-central and central-plug events after the simulation tuning are shown in Figs. 6C and 6D. (The background prediction included in these plots is discussed in Sec. IV.)

The amount of material between the collision point and the outer cylinder of the COT is tuned so that the electron identification variables sensitive to external bremsstrahlung in the data match with those in the simulation (see Sec. III F). The material in the Monte Carlo simulation between the interaction point and the tracking volume is tuned using the E/p distribution as shown in Fig. 7. The ratio between the number of events in the high tail (E/p > 2) and that in the peak is used to calibrate and determine an uncertainty due to the modeling of the material in the detector simulation.

E. Electron energy scale and resolution

Both local and global energy scale corrections are applied to the electron energy. Local corrections are applied to improve resolution by correcting for variations in the energy response of the calorimeter. They include corrections for time dependence, variations in the response at different points within a calorimeter tower [13], and variations in the gains of the different calorimeter tower channels. Electrons from the W sample and the inclusive electron sample are used to calibrate these variations. The reference for correcting the electron energy is the track momentum as measured by the COT. Uniformity is achieved by adjusting the tower energy responses (gains) until the mean E/p is flat as a function of time and ϕ, and agrees with the Monte Carlo simulation as a function of η. Figure 8 shows the invariantmass distributions near the Z peak for central-central and central-plug events for data and Monte Carlo simulation. High-energy electrons are measured with a resolution of

σ(E_T ) E_T =

13.5% √ E_T ⊕ 1.5% [11] in the central calorimeters and

FIG. 6: The electron ηdet(A) and event vertex z position (B) are important for understanding the geometric acceptance in the simulation. The electron ET distribution for centralcentral(C), and central-plug(D) are used to the kinematic distributions. The Monte Carlo histograms are normalized to the number of entries in the background-subtracted data. The detector simulation for electrons has been tuned so that the Z peak and width match the data (Sec. III E). The discrepancies are used to estimate systematic uncertainties on the Monte Carlo simulation (see Sec. VI).

FIG. 7: The E/p distribution for central electrons in the Z/γ^∗ → e^+e^− data sample. Points and histograms are data and Monte Carlo simulation, respectively. The Monte Carlo histogram is normalized to the number of entries in the data. The high tail (E/p > 2) of this distribution is used to calibrate the amount of material in the Monte Carlo simulation between the interaction point and the tracking volume.

σ(E) E =^{14.4%√}_E ⊕ 0.7% [30] in the plug calorimeters.

F. Electron charge identification

The charge measurement of electrons is essential for this analysis because the charge determines the sign of cos θ^∗ (see Eq. (8)), and therefore determines whether

FIG. 8: Invariant-mass distributions of Z/γ^∗ → e^+ e^− candidates: two electrons in the central region (top), one electron in the central region and the other in the plug region (bottom). Points and histograms are data and Monte Carlo simulation, respectively. Energy scale corrections and extra energy smearing are applied to the simulation so that the Gaussian widths and peaks match.

the event is forward or backward. In the central-central topology, we measure the charge of both electrons and require that they have opposite sign. The central-central opposite-sign requirement removes events where one of the electrons has a misidentified charge from the event sample, leaving very little ambiguity on the forwardbackward measurement due to charge misidentification. However, in events with a central-plug topology, the charge of the two electrons is determined solely from the central electron. So a misidentification of the central electron’s charge will switch the sign on cos θ^∗, and result in a misassignment of the event as forward or backward. For this reason, the charge misidentification rate needs to be properly understood, and well modeled by the simulation.

We use the Z/γ^∗ → e^+e^− Monte Carlo sample with the central-central topology to study the sources of charge misidentification and to measure the misidentification rate. The misidentification rate is determined by counting the number of events where both electrons have the same charge. If the rate is small, the probability of having same-sign events is approximately twice that of misidentifying the charge of a single electron. Figure 9 shows that above the Z pole (M_{ee} > 100 GeV/c^2), the rate of events with the same sign is approximately

FIG. 9: The rate of same-sign events as a function of the dielectron invariant mass from the Z/γ^∗ → e^+e^− Monte Carlo sample. The rate of charge misidentification is half of the same-sign event rate. The last bin shows the rate for all events with Mee > 300 GeV/c^2. A fit to a constant between 100 GeV/c^2 < Mee < 300 GeV/c^2 has been made with the result that Z/γ^∗events have an average same-sign rate (p0) of 1.45%.

flat up to M_{ee} ≃ 300 GeV/c^2. The drop in the rate at the Z pole and the increase in the rate in the next lower bin are attributable to hard bremsstrahlung followed by e^+e^− pair production in the material. This process is referred to as charge misidentification due to “trident” electrons. Figure 10 shows a “trident” electron where a positron radiates a hard bremsstrahlung photon in the material, and the photon subsequently converts into an electron-positron pair in the material. The electron from the photon conversion carries the highest momentum, and the charge of the primary electron (e^+) is assigned to be negative (e^−). The Monte Carlo sample shows that the charge misidentification rate coming from “trident” electrons is (0.7±0.3)%. The other source of charge misidentification is the drift chamber tracking resolution of δ(^1_{pT} ) ≃ 0.001 GeV^{−1}. At higher ener-

gies, the tracks become almost straight (^1_{pT} ∼ 0), and the charge determination has a higher probability of being wrong. The last bin, which includes all events with M_{ee} > 300 GeV/c^2, has a misidentification rate measured from the simulation of (1.1 ± 0.2)%. Corrections for charge misidentification are included as part of the acceptance calculation via simulation. The dominant systematic uncertainty comes from the uncertainty in the amount of material between the interaction point and the tracking volume. A comparison of the same-sign events between data and Monte Carlo simulation is used to get an estimate on the background. The comparison shows agreement at the Z pole where there is little background (Fig. 15).

FIG. 10: A schematic diagram of a “trident” electron where a positron radiates a hard bremsstrahlung photon in the material and the photon converts into an electron-positron pair in the material. The electron from the photon conversion carries the highest momentum, thus the charge of the primary electron (e^+) is assigned to be negative (e^−).

G. Charge dependence of electron efficiencies

A systematic bias in the forward-backward asymmetry may occur if the detector response to electrons differs from that to positrons. We compare acceptances and efficiencies for electrons and positrons using the W^± → e^±ν Monte Carlo and data samples. In Fig. 11, the number of e^+ events and e^− events are plotted as a function of q · η_{det} of the electrons. The difference between the q · η_{det} < 0 region and the q · η_{det} > 0 region comes from the intrinsic charge asymmetry in W^± production in the proton direction and the anti-proton direction. Because the average momentum of u (ū) quarks is larger than that of d (d̄) quarks in the proton (anti-proton), W^+ (W^−) event production is enhanced in the proton (anti-proton) direction.

Small differences are observed in the data between the e^+ and e^− yields (Fig. 11B). These could be caused by differences in the detector response between electrons and positrons, differences between the |η_{det}| > 0 and |η_{det}| < 0 detectors, or an asymmetric z_{vertex} distribution about 0. Similar differences are seen in the Monte Carlo sample (Fig. 11A) where the differences come purely from the asymmetric z_{vertex} distribution (see Sec. II C). The asymmetry between the e^+ and e^− yields due to the asymmetric z_{vertex} distribution is measured to be (0.7 ± 0.2)% from the simulation. After the effect of the z_{vertex} offset is taken into account, the observed asymmetry in the data is reduced to (0.1 ± 0.7)%. The impact of this asymmetry on the forward-backward charge asymmetry measurement is therefore estimated to be small compared to other sources of systematic uncertainties.

IV. BACKGROUNDS

The dominant sources of background to the process pp → Z/γ^∗ → e^+e^− + X are:

1. Dijet events where the jets are misidentified as electrons,

FIG. 11: The q · ηevt distribution of the electrons in W Monte Carlo (A) and data (B) events. The asymmetry about 0 is due to the charge asymmetry in the W production. The difference between e^+ and e^− is largely due to the asymmetric distribution of the event vertex (zvertex) distribution.

2. W + X → eν + X, where X is a photon or a jet misidentified as an electron,

3. Z/γ^∗ → τ^+τ^− → e^+e^−ν_τ ν_eν̄_τ ν̄_e,

4. W^+W^− → e^+e^−ν_eν̄_e,

5. W^±Z where Z → e^+e^−, 6. tt → e^+e^−ν_eν̄_ebb. The determination of A_{F B} requires knowledge of the number of background events and the forward-backward charge asymmetry of the background events in each mass bin.

A. Dijet background

Dijet events are the dominant source of background in our sample. This background category includes events with two high-p_T jets and those with one jet and one photon. Hadrons in jets can be misidentified as electrons, and jets can contain real electrons produced in semi-leptonic heavy-flavor decays (from c or b quarks). Photons from initial- or final-state bremsstrahlung are identified as electrons if they are in the plug region. In the central region, photons must convert in order to be identified as electrons because of the tracking requirement. The physics objects producing electron candidates in dijet events are discussed in Sec. IV A 1. The forwardbackward charge asymmetry from the dijet background is discussed in Sec. IV A 2. In Sec. IV A 3, the rate of jets faking electrons is measured, the dijet background in the data is estimated, and the invariant-mass distribution of the dijet background is extracted. In Sec. IV A 4, the amount of dijet background in the central-central topology is cross-checked using same-sign events in the Z/γ^∗ data and Monte Carlo samples.

1. Sources of electron fakes from dijet Monte Carlo

The Monte Carlo sample of ∼750,000 dijet events is used to understand the sources of high-p_T fake electrons. We find 47 central-tight electrons, 179 central-loose electrons, and 1702 plug-loose electrons in this sample. We then look for hadron jets or photons with E_T > 15 GeV that match the direction of these fake electrons. The dominant sources for central-tight electrons are photons which have converted and light quark jets (those originating from u, d, and s quarks). Light quark jets are the dominant source for the loose electrons, especially the plug electrons. The fraction of events found in each category is shown in Table III.

2. Charge correlation and AF B distribution of dijet events

We do not expect any correlation between the charges of the two fake electrons in the dijet events. This expectation is checked using the hadron-enriched data sample, where both electrons are “jet-like”; events collected with the high-p_T central electron triggers that have two electromagnetic clusters passing the kinematic cuts for electrons in this analysis and a significant amount of energy near them (E^{iso}_T > 4 GeV). An additional cut of E̸_t < 10 GeV eliminates a large fraction of the remaining W → eν contamination in the sample. The selection criteria are summarized in Table IV. The sample contains 8595 (8797) events where the two electron candidates have the same (opposite) charge. Although the difference is statistically significant (2.2σ), there are only 2% more opposite-sign events than same-sign events. This demonstrates that the charges of the two electrons identified in dijet events are nearly uncorrelated.

The raw forward-backward asymmetry of the dijet background is measured with the same hadron-enriched sample in the 15 mass regions. As shown in Fig. 12, the A^{raw}_{F B} values are close to zero, consistent with the symmetric angular distribution expected for dijet events. This analysis assumes A^{raw}_{F B} = 0 for the dijet background, where the events are split evenly between forward and backward categories when subtracted from the candidate sample. The measured asymmetries listed in Table V are used for estimating a systematic uncertainty on this assumption.

FIG. 12: A^{raw}_{F B} of dijet background estimated from the hadronenriched data sample.

3. Estimation and Mee distribution of the dijet background

The dijet sample used to calculate the fraction of jets faking electrons (the single-jet fake rate) must pass the 20 GeV single-jet triggers, have two jets with E_T > 20 GeV, have E̸_t < 10 GeV, and have no more than one loose electron in the event. Jets are clustered using a cone size of ΔR = 0.4. These requirements ensure that the electroweak contamination from W and Z decays to electrons is negligible. The fake rate is defined as the fraction of jets in the sample which pass the electronselection criteria. The measured rate is plotted as a function of jet E_T in Fig. 13. Due to the bigger cluster size of jets compared to electrons, jet energies are larger than the corresponding fake-electron energies. For example, when a jet of E_T = 25 GeV fakes an electron, the electron candidate is typically reconstructed with an E_T of 20 GeV. The single-jet fake rate with E^{jet}_T > 25 GeV (or E^e_T > 20 GeV) is measured to be (2.7 ± 0.2) × 10^{−4} for central-tight electrons. Note that jets used in this measurement are a mixture of both triggered and nontriggered jets.

The single-jet fake rate for non-triggered jets can be measured using jets with E_T below trigger thresholds. We use jets with E_T < 45 GeV in the jet 50 GeV data sample (50 GeV single jet triggers) and E_T < 95 GeV in the jet 100 GeV data sample (100 GeV single jet triggers). In addition, Monte Carlo dijet events without trigger requirements are studied for comparison. Table VI summarizes the rates in the four different samples. The fake rate for jets without trigger biases are roughly one half of the fake rate measured in the 20 GeV dijet sample. The difference in rates is expected since the trigger requirements select jets that deposit a significant fraction of their energy into one tower and hence look more “electron-like.”

The number of dijet background events in the Z/γ^∗ → e^+e^− sample is estimated by applying the average single-jet fake rate for a tight electron and a loose

Dijet Events Electron Type Light-Quark Jets Heavy-Quark Jets Gluon Jets Photons Central-Tight 0.38 ± 0.09 0.15 ± 0.06 0.13 ± 0.05 0.34 ± 0.09 Central-Loose 0.63 ± 0.06 0.08 ± 0.02 0.20 ± 0.03 0.09 ± 0.02 Plug-Loose 0.82 ± 0.02 0.01 ± 0.00 0.07 ± 0.01 0.10 ± 0.01

W → eν Events Electron Type Light-Quark Jets Heavy-Quark Jets Gluon Jets Photons Central-Tight 0.28 ± 0.09 0.00 ± 0.00 0.00 ± 0.00 0.72 ± 0.15 Central-Loose 0.63 ± 0.09 0.01 ± 0.01 0.01 ± 0.01 0.35 ± 0.07 Plug-Loose 0.20 ± 0.03 0.01 ± 0.01 0.01 ± 0.01 0.78 ± 0.07

TABLE III: The physics objects producing electron candidates in Monte Carlo dijet and W → eν events and their fractional contributions for central-tight electrons, central-loose electrons, and plug-loose electrons. The fractional contribution of the different physics objects producing electron candidates varies depending on the type of electron and background type. Lightquark jets are those originating from u, d, and s quarks, and heavy-quark jets are those originating from to b and c quarks. Uncertainties include only Monte Carlo statistics.

Hadron-enriched selection p_T > 10 GeV/c (central only) E^{corrected} T > 20 GeV E^{iso}_T > 4 GeV E̸t < 10 GeV TABLE IV: Selection criteria for the hadron-enriched data sample.

electron to every pair of jets in the 20 GeV dijet sample that pass the kinematic cuts. The systematic uncertainty on this estimation is determined by taking the simplified case where each event has two and only two jets, one triggered and one non-triggered. Let f denote the fake rate without trigger biases and 2f the average fake rate in the 20 GeV dijet sample (as described in the previous paragraph). Then, the fake rate for the triggered jets is 3f. The event fake rate is estimated to be 4f^2 if the average fake rate is applied to both jets (used for the estimation of the dijet background), and it is 3f^2 if the rates for the non-triggered and triggered jets are applied separately. The difference between these two estimates, which is 25%, is taken as a systematic uncertainty on the single-jet fake rate due to the jet trigger bias.

The invariant-mass distribution of the dijet background is determined from the 20 GeV dijet sample where at least one of the two jets is found in the central region. Jet energies are corrected to represent electron energies where the correction factors are determined from Gaussian fits to the^{EeT}_{EjetT} distributions for each of the three categories of electrons. (The Gaussian fits to^{EeT}_{EjetT} have means ranging from 0.88-0.92, and have widths ranging from 0.05-0.09 depending on the type of electron.) Figure 14 shows the invariant-mass distribution of the central-central and central-plug dijet events,

Mass Region # Events A^{raw}_{F B} (dijet) GeV/c^2 C-C C-P 40 ≤ Mjj < 60 5.4 ± 1.9 51 ± 18 0.00 ± 0.01 60 ≤ Mjj < 70 1.5 ± 0.5 25.7 ± 9.0 0.00 ± 0.01 70 ≤ Mjj < 78 0.7 ± 0.2 15.3 ± 5.4 -0.01 ± 0.01 78 ≤ Mjj < 86 0.4 ± 0.1 11.1 ± 3.9 0.01 ± 0.01 86 ≤ Mjj < 88 0.1 ± 0.04 2.2 ± 0.8 -0.09 ± 0.03 88 ≤ Mjj < 90 0.1 ± 0.04 1.9 ± 0.7 0.00 ± 0.03 90 ≤ Mjj < 92 0.1 ± 0.04 1.8 ± 0.6 -0.02 ± 0.03 92 ≤ Mjj < 94 0.1 ± 0.04 1.6 ± 0.6 -0.02 ± 0.03 94 ≤ Mjj < 100 0.1 ± 0.04 4.1 ± 1.4 -0.03 ± 0.02 100 ≤ Mjj < 105 0.1 ± 0.04 2.6 ± 0.9 -0.02 ± 0.02 105 ≤ Mjj < 120 0.2 ± 0.07 4.8 ± 1.7 -0.04 ± 0.01 120 ≤ Mjj < 140 0.1 ± 0.04 2.9 ± 1.0 -0.02 ± 0.02 140 ≤ Mjj < 200 0.1 ± 0.04 1.9 ± 0.7 -0.05 ± 0.02 200 ≤ Mjj < 300 0.0 ± 0.00 0.2 ± 0.07 -0.01 ± 0.03 300 ≤ Mjj < 600 0.0 ± 0.00 0.0 ± 0.00 -0.07 ± 0.11 Total 9.0 ± 3.2 128 ± 45 N/A

TABLE V: The estimated number of events and measured A^{raw}_{F B} of dijet background in each invariant-mass bin. The number of events is estimated using the rate of jets faking electrons. The A^{raw}_{F B} (dijet) values are measured from the hadron-enriched data sample. When calculating AF B (Z/γ^∗ → e^+e^−), A^{raw}_{F B} (dijet) = 0 is assumed. The measured A^{raw}_{F B} (dijet) is used to estimate a systematic uncertainty on the measurement.

weighted by the probability of faking a dielectron candidate event. Table V shows the number of dijet events expected in each invariant-mass bin. The total number of dijet background candidates is estimated to be 9.0 ± 3.2 for the central-central topology, and 128 ± 45 for the central-plug topology. The invariant-mass distribution of the dijet background along with the Monte

Central-Tight Central-Loose Plug-Loose Rate (×10^{−4}) Rate (×10^{−4}) Rate (×10^{−4})

20 GeV dijet 2.7 ± 0.2 13.7 ± 0.6 51.6 ± 1.0 50 GeV dijet 1.3 ± 0.2 6.5 ± 0.4 30.2 ± 1.2 100 GeV dijet 1.7 ± 0.3 5.5 ± 0.5 27.6 ± 1.8 Monte Carlo 1.3 ± 0.3 7.6 ± 0.9 24.8 ± 3.1

TABLE VI: The rate at which a jet fakes an electron. The jets in the 20 GeV dijet sample are a mixture of triggered and non-triggered jets. The rate in the 50 GeV and 100 GeV dijet samples is measured only for jets with ET below the trigger threshold, ET < 45 (95) GeV for the 50 (100) GeV dijet sample. The rate in Monte Carlo dijet events is measured for jets with ET >20 GeV.

FIG. 13: The rate of jets faking electrons for central-tight (A), central-loose (B), and plug-loose (C) requirements in the 20 GeV dijet sample. The fake rate is measured for jets with E^{jet}_T > 24 GeV for central-tight and plug-loose electrons, and E^{jet}_T > 26 GeV for central-loose electrons to take into account relative energy differences between jet clustering and electron clustering. p0 is the value returned by the fit for a zeroth order polynomial.

Carlo Z/γ^∗ → e^+e^− prediction is shown in Fig. 21.

4. Check of dijet background using the charge of the dielectrons

We cross-check the estimation of the dijet background for the central-central topology using same-sign events in the data sample after correcting for the contribution

FIG. 14: The invariant-mass distribution measured in the 20 GeV dijet sample. The single-jet fake rate is applied to each jet in the dijet pair. The jet energy has been corrected to represent electron energies (see Sec. IV A 3).

from charge misidentification. The dominant contribution to the charge misidentification of electrons comes from “trident” electrons except at very high energies where the curvature resolution is the dominant source (see Sec. III F). The number of same-sign Z/γ^∗ → e^+e^− events due to “trident” electrons is estimated from the Monte Carlo simulation. The Monte Carlo samples are normalized such that the number of opposite-sign events in the Z peak is the same between the data and the Monte Carlo simulation. Figure 15A shows the resulting invariant-mass distributions in data and Monte Carlo simulation for opposite-sign events and same-sign events. The number of same-sign events is found to be 36 in the data and 23 in the simulation, resulting in the estimation of 13 dijet background events for the central-central topology. Figure 15B shows the invariant-mass distribution for the same-sign data events after the Monte Carlo same-sign events are subtracted. A systematic uncertainty of 4 events is estimated by repeating this procedure with the Monte Carlo samples generated with various amounts of material. Hence the dijet background in the central-central topology is estimated to be 13 ± 6(stat.) ± 4(syst.) events. This is in good agreement with the estimate obtained from the fake-rate method of 9.0 ± 3.2 events.

FIG. 15: (A) invariant-mass distributions of data (points) and Monte Carlo events (histogram) in the central-central topology where the Monte Carlo sample is normalized to the data using opposite-sign events in the Z peak. (B) invariant-mass distribution of same-sign data in the central-central topology after subtracting the same-sign MC distribution. The Monte Carlo subtracted same-sign distribution in (B) is a measurement of the dijet background.

B. Electroweak and top backgrounds

The electroweak and top background events are estimated using the Monte Carlo simulation. Table VII shows the theoretical cross section and the number of events expected in the sample of 72 pb^{−1} for each process. The systematic uncertainties on these background estimates reflect the 6% uncertainty on the integrated luminosity, the 5% uncertainty on the acceptances, and the uncertainties on the theoretical production cross sections. The simulated events for each process which pass the selection requirements are used to determine both the invariant-mass distributions and the expected forwardbackward asymmetries. The invariant-mass distributions for Z → τ^+τ^− and W +X → eν +X are shown in Fig. 16.

The dominant electroweak background comes from the W +X → eν+X process where X is a photon or hadronic jet and the Z/γ^∗ → τ^+τ^− process where τ → eν_τ ν_e. While the Z/γ^∗ → τ^+τ^− → e^+e^−ν_τ ν_eν̄_τ ν̄_e background is reliably simulated by LO-based generators such as PYTHIA, the W + X → eν + X background estimated from PYTHIA requires cross-checks with the next-to-leading order (NLO) calculations. PYTHIA, using the parton-shower algorithms to generate photons and jets,

Process σ · BR (pb) Events Expected C-C C-P Dijet N/A 9.0 ± 3.2 128 ± 45 W + jet/γ → eν + jet/γ 2, 690 ± 100 1.8 ± 0.2 25.4 ± 2.4 Z/γ^∗ → τ^+τ^− 252 ± 9 5.6 ± 0.5 7.2 ± 0.7 W^+ W^− → e^+e^−νeν̄e 0.15 ± 0.01 1.5 ± 0.1 1.8 ± 0.2 W^± Z where Z → e^+e^− 0.15 ± 0.01 1.4 ± 0.1 1.7 ± 0.2 tt → e^+e^−νν̄ + bb 0.08 ± 0.01 1.1 ± 0.1 0.7 ± 0.1 TABLE VII: Summary of expected backgrounds. Cross sections for the electroweak and top processes are taken from the following references: [31, 32] for W and Z, [33] for W^+ W^− and W Z, and [34, 35, 36] for tt̄. Monte Carlo estimates are normalized to 72 pb^{−1}.

FIG. 16: Invariant-mass distributions for (A) Z/γ^∗ → τ^+ τ^− and (B) W + X → eν + X (X = q, g or γ) backgrounds.

is expected to give lower cross sections than the Standard Model prediction for high-p_T photons and jets. We cross-check the PYTHIA calculation with two matrixelement calculations, ALPGEN for W + 1 parton production and WGAMMA for W + 1 photon production. The number of W + X → eν + X background events estimated from PYTHIA is 27 ± 5. The combination of ALPGEN and WGAMMA estimates this number to be 24 ± 3, in good agreement with the PYTHIA expectation within the statistical uncertainties. The difference between the PYTHIA and the ALPGEN/WGAMMA estimates is used as a systematic uncertainty on A_{F B} . Table III shows the sources of the electron candidates in the PYTHIA W + X sample, indicating that the dominant source is from photons faking an electron (mostly in the plug region).

V. ACCEPTANCE AND CORRECTIONS

In order to correct the raw forward-backward asymmetry measured in Z/γ decays and obtain A^{phys}_{F B} , this analysis must account for any acceptances and detector effects that can change the number of forward and backward events found in each M_{ee} bin. Although there is very little in the detector and analysis that treats forward and backward events differently, the angular distribution of the events, radiation, and detector resolution can each effectively change event acceptances and the reconstructed invariant mass so that net differences arise for forward and backward events. The dominant contributions to the detector acceptances are kinematic acceptance (a^±_{kin}), geometric acceptance (a^±_{geom}), and electron identification efficiency (ϵ^±_{ID}). The major effects that contribute to event migration between M_{ee} bins are the energy resolution of the detector (a^±_{res}), and internal and external bremsstrahlung (a^±_{rad}). Although the simulation is ultimately used to determine the corresponding corrections, generator-level distributions are used to separate and understand the various effects (Secs. V A, V B, and V C). These studies assume the Standard Model A_{F B} distribution from PYTHIA, and are included to demonstrate how the acceptance and detector effects independently change A^{raw}_{F B} .

We present two unfolding methods to reconstruct A^{phys}_{F B} . In Sec. V D, the simulation is used to find a parameterization to transform A^{phys}_{F B} into A^{raw}_{F B} . This parameterization is used to determine the A^{phys}_{F B} that corresponds to our measured A^{raw}_{F B} . In Sec. V E, correction factors are calculated which transform the number of forward and backward events in the candidate sample to the number of forward and backward events that existed prior to being degraded by detector acceptances and M_{ee} bin migration. The bias from the input A^{phys}_{F B} on the correction factor calculation is also discussed. Both unfolding analyses assume the Standard Model^{dσ}_{dMee} to be able to calculate the event migration effects.

A. Fiducial and kinematic acceptance: a^±_{geom} and a^±_{kin} The kinematic and fiducial event requirements sculpt the polar angular distribution of the outgoing electrons and positrons, especially at high |cos θ^∗|. The distributions in Fig. 17 show this effect for Monte Carlo events prior to the simulation of detector and radiation effects. The invariant-mass range is split into three different regions, the low-mass region (40 < M_{ee} < 78 GeV/c^2), the Z pole region (78 < M_{ee} < 105 GeV/c^2), and the high-mass region (M_{ee} > 105 GeV/c^2). These are the regions where A_{F B} is roughly at the low extremum, middle point, and high extremum, respectively. Although the acceptance for these requirements is nearly symmetric for positive and negative cos θ^∗, the initial cos θ^∗ dis-

FIG. 17: For three mass ranges, the cos θ^∗ distributions (A, C, E) before (open histograms) and after (filled histograms) the geometric and kinematic cuts; and the acceptance, a^±_{geom} ·a^±_{kin}, as a function of cos θ^∗ (B, D, F).

tributions are asymmetric, due to the forward-backward charge asymmetry. When integrating the positive and negative portions of cos θ^∗, the convolution of the Drell- Yan spectrum with the acceptance gives a different total acceptance for forward and backward events. For example, the detector has a low acceptance for events with very high |cos θ^∗| because of the polar coverage, and in the case of high-mass events, this removes a greater percentage of forward events than backward events (see Fig. 17E). The M_{ee} dependence of the fiducial and kinematic acceptance is shown in Figs. 18A and 18B, where the forward events have a higher acceptance than the backward events below the Z pole, and vice versa above the Z pole.

B. Corrections for energy resolution: a^±_{res}

The energy resolution of the calorimeter causes mismeasurements of the invariant mass which can place events in the wrong invariant-mass bin. If the asymmetry is changing with invariant mass, events placed in the wrong invariant-mass bin alter the measured asymmetry in that bin. The effect of the energy resolution on the measured asymmetry is therefore largest near the Z pole where^dA^{F B}_dM_{ee} is largest and the bin sizes are smallest. As events from the Z pole are smeared out, some events move to higher masses where A_{F B} is more forward, and some events move to lower masses where the A_{F B} is more backward. This event migration increases the correction factor for backward events above the Z pole and increases

FIG. 18: The Mee dependence of acceptances; a^±_{geom} (A), a^±_{kin} (B), a^±_{res} (C), and a^±_{rad} (D). The kinematic acceptance, a^±_{kin}, is calculated after geometric cuts are applied, the acceptance due to resolution, a^±_{res}, is calculated after geometric and kinematic cuts are applied, and the acceptance due to radiation, a^±_{rad}, is calculated after geometric and kinematic cuts and resolution smearing are applied.

the correction factor for forward events below the Z pole. The effect of the energy resolution on the correction factor is shown Fig. 18C. This plot is made by smearing the energy of the generator-level electron according to the measured detector response.

C. Corrections for bremsstrahlung: a^±_{rad}

The invariant mass can also be mis-measured due to the effects of final state bremsstrahlung. Most of these photons are emitted co-linearly with the electrons and deposit their energy into the same calorimeter towers as the electron. In these cases, the energy of the electron is recombined with its radiation products. Photons which are not recombined with electrons in the energy measurement lower the measured invariant mass and can cause a candidate event to land in the wrong invariant-mass bin. The effect is expected to be the most significant just below the Z pole. Figure 18D demonstrates the effect of internal bremsstrahlung on the acceptance at the generator level (no external bremsstrahlung is included in this plot), when photons are not recombined with electrons. The correction factor below the Z pole is large because of events from the Z pole that are being mis-measured due to radiation. The A_{F B} at the Z pole is larger, and boosts the correction factor for forward events.

D. Parameterized acceptance and smearing

In order to transform A^{phys}_{F B} into A^{raw}_{F B} , a parameterized function is needed to take into account the event loss and migration of events from one invariant-mass bin to another. From the Monte Carlo simulation, we compute the efficiency ϵ^{F F}_{ij} for an event that is forward and in M_{ee} bin i to be found in the detector as forward in bin j. Likewise, 15 × 15 efficiency matrices are calculated for backward events being found as backward (ϵ^{BB}_{ij} ), forward as backward (ϵ^{F B}_{ij} ), and backward as forward (ϵ^{BF}_{ij} ). So the diagonal elements of ϵ^{F F} and ϵ^{BB} approximately represent the acceptance for events in those bins, and the off-diagonal elements approximately represent the event bin migration. The elements of ϵ^{BF} and ϵ^{F B} are much smaller and represent those events that are reconstructed with a cos θ^∗ of the wrong sign. These efficiencies have a small dependence on the underlying cos θ^∗ distribution, and so there is some residual dependence on the input A^{phys}_{F B} used to calculate them. This might have a small bias on the result if the cos θ^∗ distribution in the data is very different from the Standard Model. In Sec. VII A, the cos θ^∗ distribution shows very good agreement between data and the Standard Model prediction. The four matrices are defined as ϵ^{F F}_{ij} = N^F_j (sel) N^F_i (gen) ; ϵ^{BB}_{ij} = N^B_j (sel) N^B_i (gen) (16) ϵ^{F B}_{ij} = N^B_j (sel) N^F_i (gen) ; ϵ^{BF}_{ij} = N^F_j (sel) N^B_i (gen) (17)

where N^F_i (gen) [N^B_i (gen)] is the number of forward [backward] events generated in the i-th M_{ee} bin, and (N^F_i (sel) [N^B_i (sel)] is the number of forward [backward] events selected in the i-th M_{ee} bin. By solving for N^F or N^B in Eq. (7), we find the expected number of forward and backward events for a given A_{F B} , N^{F/B}_i (phys) = N^{tot}_i (phys) · (0.5 ± 0.5 · (A^{phys}_{F B} )_i). (18) N^{tot}_i (phys) is the total number of events in bin i, and is computed from the Standard Model^{dσ}_{dMee} . Then by combining the expected number of events and their corresponding efficiencies, the expected number of events found in the detector is written as N^F_j (raw) = 15∑ i (ϵ^{F F}_{ij} · N^F_i (phys) + ϵ^{BF}_{ij} · N^B_i (phys))(19)

N^B_j (raw) = 15∑ i (ϵ^{BB}_{ij} · N^B_i (phys) + ϵ^{F B}_{ij} · N^F_i (phys))(20) For a given A or 15 A^{phys}_{F B} values, N^F_j (raw) and N^B_j (raw) can be used together with Eq. (7) to find (A^{raw}_{F B} )_j , which can be directly compared to the A^{raw}_{F B} measured in the detector.

(A^{raw}_{F B} )_j = g(A, j) = N^F_j (raw) − N^B_j (raw) N^F_j (raw) + N^B_j (raw) (21)

E. Calculation of the correction factor a^±_{cor}

The multiplicative correction factor (a^+_{cor} )_i [(a^−_{cor})_i], used to correct A_{F B} in Eq. (15), is designed to be multiplied by the number of forward [backward] events in the i-th M_{ee} bin. It corrects for event losses and for events that migrated into bin i from another bin with a different A_{F B} . The full simulation is used to calculate the a^±_{cor} which include the effects of fiducial and kinematic acceptance, energy resolution, bremsstrahlung, and electron selection efficiency. The combination of all these effects is defined as (a^±_{cor})_i in Eq. (23).

(a^±_{cor} )_i = N^{F/B}_i (sel) N^{F/B}_i (gen) (22) = (a^±_{geom})_i · (a^±_{kin})_i · (a^±_{res})_i · (a^±_{rad})_i · (ϵ^±_{ID})_i, In Fig. 19A and Table VIII, the resulting correction factor is shown as a function of the dielectron invariant mass. This result can be compared to the studies done at the generator level for each individual effect (see Fig. 18). The overall acceptance is lower due to the more detailed fiducial cuts and electron identification efficiencies in the full simulation. It is important to note that the correction for event migration depends on the input A^{phys}_{F B} assumption used to calculate (a^±_{cor} )_i. The correction can only be calculated by assuming the difference in A^{phys}_{F B} between the bin being corrected and the bins from which the events migrated. If the A^{phys}_{F B} is significantly different in the two bins and there is a large amount of event migration, the result of the correction can be biased by this assumption.

To measure the bias of the input A_{F B} on the final result, the correlation matrix (^{dACorrected result} F B dA^{Acceptance Input} F B ) is measured by separately reweighting the input A_{F B} in each bin in the Monte Carlo sample used to calculate the correction factor. The modified correction factors are then used to correct the A_{F B} from a high-statistics pseudo-experiment using Eq. (15), and the change in the A_{F B} result in each M_{ee} bin is measured relative to the change in the input A_{F B} (Fig. 19B). The lowest mass bin and four highest mass bins are fairly independent of the A^{phys}_{F B} used to calculate the acceptance, whereas the bins near the Z pole have strong correlations.

To minimize the bias, one of the results uses the A^{phys}_{F B} from Sec. VII D, calculated using Standard Model constraints, as the input to the (a^±_{cor} )_i calculation. In this approach, the uncertainties on the input A^{phys}_{F B} from the coupling fits are taken as systematic uncertainties on the acceptance measurement.

VI. SYSTEMATIC UNCERTAINTIES IN AF B

Systematic uncertainties due to energy scale, energy resolution, the amount of passive material in the detec-

FIG. 19: The correction factors, a^±_{cor} (A). The input A^{phys}_{F B} is taken from the AF B couplings fit (Sec. VII D). The correlation matrix between the input A^{phys}_{F B} to the correction factor calculation and the corresponding change in the result due to Eq. (15) (B). The axes are labeled by the Mee bin number where bin 1 is the lowest mass bin (40< Mee <60 GeV/c^2), bin 15 is the highest mass bin (300< Mee <600 GeV/c^2), and bin 7 is the Z pole (90< Mee <92 GeV/c^2).

tor, and background estimation are considered. For a given source of uncertainty, a change is made to the corresponding parameter in the simulation, and the impact on the asymmetry is evaluated after that change. The difference between the asymmetry with the changed parameter and the nominal one is taken as the uncertainty from that source. The change in the input parameter is either a one standard deviation (1σ) uncertainty on the variable in question or a change in an assumption on that input. The systematic uncertainties depend on the method that is used to extract A^{phys}_{F B} . There are separate tables for the systematic uncertainty on A^{phys}_{F B} for the two A_{F B} measurements (Tables IX and X). The A_{F B} measurement based on the a^±_{cor} correction factors has an additional uncertainty due to the Standard Model assumptions used the calculate these factors (see Table X). The systematic uncertainties are quoted with a sign that represents the sign of the change in A_{F B} due to the +1σ variation and is not used in the measurement of A_{F B} . A positive variation represents an increase in the energy

Mass Range Forward Backward

40 < Mee < 60 GeV/c^2 0.08 ± 0.00 0.07 ± 0.00 60 < Mee < 70 GeV/c^2 0.34 ± 0.05 0.25 ± 0.01 70 < Mee < 78 GeV/c^2 0.53 ± 0.05 0.36 ± 0.01 78 < Mee < 86 GeV/c^2 0.72 ± 0.06 0.53 ± 0.02 86 < Mee < 88 GeV/c^2 0.72 ± 0.03 0.60 ± 0.02 88 < Mee < 90 GeV/c^2 0.39 ± 0.01 0.35 ± 0.00 90 < Mee < 92 GeV/c^2 0.16 ± 0.00 0.16 ± 0.00 92 < Mee < 94 GeV/c^2 0.31 ± 0.00 0.33 ± 0.00 94 < Mee < 100 GeV/c^2 0.56 ± 0.01 0.65 ± 0.02 100 < Mee < 105 GeV/c^2 0.39 ± 0.00 0.43 ± 0.01 105 < Mee < 120 GeV/c^2 0.37 ± 0.00 0.40 ± 0.00 120 < Mee < 140 GeV/c^2 0.39 ± 0.00 0.40 ± 0.01 140 < Mee < 200 GeV/c^2 0.42 ± 0.00 0.43 ± 0.01 200 < Mee < 300 GeV/c^2 0.45 ± 0.00 0.45 ± 0.01 300 < Mee < 600 GeV/c^2 0.42 ± 0.00 0.43 ± 0.01

TABLE VIII: The correction factors, a^±_{cor} , for the different mass bins using AF B from the Standard Model coupling fits of Sec. VII D.

scale and resolution, an increase in the amount of material, and an increase in the amount of background.

The following systematic uncertainties have been investigated and have been found to have negligible effects on the measurement of A_{F B} : fiducial acceptance, charge misidentification, A_{F B} (dijet), and trigger efficiency. These effects are not included in the total systematic uncertainty.

A. Systematic uncertainty from energy scale

Variations in the calorimeter energy scale can lead to events being placed in the wrong invariant-mass bins. For example, near the Z pole where the asymmetry is increasing monotonically with respect to the invariant mass, a positive variation in the energy scale will cause a systematic decrease in the asymmetry (or a systematic increase for a negative variation in the energy scale). In general, a variation in the energy scale will have an effect only in the region where the bins are of the same order as the size of the variations (or smaller) and where the asymmetry is changing. In this analysis, uncertainties due to the energy scale are expected only in the region near the Z pole. Figure 20 shows the Gaussian peak of the invariant mass as a function of the η_{det} of the electron. Based on the distribution of calculated masses, the central calorimeter scale is varied by 0.5% and the plug calorimeter scale is varied by 1% to estimate the systematic uncertainties. The chosen energy scale variations are shown as lines in Fig. 20. The corresponding shifts in A_{F B} are shown in Tables IX and X.

FIG. 20: The peak (A) and width (B) of a Gaussian fit to the Mee peak between 86 and 98 GeV/c^2 as a function of ηdet of loose electrons. The points are the data, and the lines are the chosen variations in the energy scale and resolution used to estimate the systematic uncertainties.

B. Systematic uncertainty from energy resolution

Variations in the energy resolution impact the forwardbackward charge asymmetry in much the same way as variations in the energy scale. Instead of systematically shifting the events upwards or downwards, they tend to smear the forward-backward charge asymmetry to an average of the bins around the bin in question. For example, a positive variation in the resolution near the Z peak will cause a systematic decrease in the measured asymmetry above the Z peak and a systematic increase in the asymmetry below the Z peak. As in the case of the energy scale, only narrow bins in the region where the^dA^{F B}_dM_{ee} is large will be affected. Figure 20 shows the Gaussian width of the invariant mass as a function of the η_{det} of the electron. Based on the distribution of the widths, the central and plug calorimeter resolutions varied by 0.5 GeV in the central calorimeter and 1.5 GeV in the plug calorimeter. In the central calorimeter, only the change due to increasing the resolution is used in calculating the systematic. The chosen variations are shown as lines in Fig. 20. The corresponding shifts A_{F B} are shown in Tables IX and X.

C. Systematic uncertainty from amount of material

The amount of material in front of the calorimeter affects the energy measurement of electrons. The uncertainty in the amount of material is estimated to be less than 1.5% of a radiation length (X_0) in the region between the interaction point and the tracking volume, and less than^1_6 X_0 in the region between the collision point and the plug calorimeter.

The systematic uncertainty on A_{F B} due to the material is estimated by changing the amount of material in the simulation. The changes include adding or subtracting an extra 1.5%X_0 of copper in a cylinder at 34 cm (just before the COT) and^1_6 X_0 of steel on the face of the plug calorimeter. The corresponding shifts in A_{F B} are shown in Tables IX and X. The bins most sensitive to the amount of material are those just below the Z pole; this is more easily seen in the systematics on the fit result (Table IX).

D. Systematic uncertainty from background subtraction

The central values of A_{F B} are calculated after subtracting background events in the forward and backward regions separately. The number of background events in each M_{ee} bin are estimated in Sec. IV. The systematic uncertainties due to the background estimates are taken as shifts in A_{F B} when the estimated numbers of background events are varied by their uncertainties. The corresponding shifts A_{F B} are shown in Tables IX and X.

VII. RESULTS

A. Comparisons of uncorrected distributions with the Standard Model

The best way to make a direct comparison of the data with the Standard Model is to use the simulation to compare the uncorrected data with simulated events. The background events are included using the predicted distributions as described in Sec. IV. The distributions from the signal Monte Carlo simulation are normalized to the number of events in the data after subtracting the predicted background contribution. Only statistical uncertainties have been included for the calculation of the χ^2 comparisons. The uncorrected invariant-mass distribution from the data is compared to the signal and background predictions in Fig. 21. Since the energy scale and resolution in the simulation has been tuned to the data at the Z peak (Sec. III E), the comparison of the M_{ee} lineshape gives a slightly better than expected χ^2/DOF=26.7/35. The comparison is also made for the cos θ^∗ distribution (Fig. 22) in three mass regions where A_{F B} is at extremes; 40 < M_{ee} < 75 GeV/c^2 where A_{F B} is large and negative (giving a χ^2/DOF=9.9/9),

Mass Range Energy Energy Material Bgrnd Tot Stat (GeV/c^2) Scale Resol.

40 − 60 -0.003 0.010 -0.035 -0.034 0.050 0.127 60 − 70 0.008 0.008 0.033 -0.065 0.074 0.185 70 − 78 -0.018 0.019 0.040 -0.017 0.051 0.186 78 − 86 0.037 0.064 -0.041 0.001 0.085 0.164 86 − 88 -0.080 0.112 0.135 -0.001 0.193 0.211 88 − 90 -0.072 -0.032 0.043 -0.000 0.090 0.108 90 − 92 0.058 0.042 -0.024 0.000 0.076 0.064 92 − 94 -0.118 -0.098 0.049 0.000 0.161 0.161 94 − 100 0.031 -0.077 0.013 0.000 0.084 0.168 100 − 105 -0.046 -0.146 -0.103 -0.000 0.185 0.258 105 − 120 -0.001 0.014 0.045 0.014 0.049 0.138 120 − 140 -0.003 -0.004 -0.003 -0.001 0.006 0.185 140 − 200 0.002 0.003 0.012 0.004 0.013 0.165 200 − 300 -0.005 -0.007 0.006 0.026 0.029^{+0.20}_{−0.27} 300 − 600 -0.004 0.002 -0.023 0.000 0.024^{+0.00}_{−0.51}

TABLE IX: Sources of systematic uncertainty, the total systematic uncertainty (Tot), and the statistical uncertainty (Stat) on A^{phys}_{F B} when fitting using the parameterization described in Sec. V D (see Sec. VII C). When a systematic shift is tested in two directions (+1σ and −1σ of the variable in question), the larger shift is chosen. The sign represents the sign of the change in AF B due to the +1σ variation and is not used in the measurement of AF B .

75 < M_{ee} < 105 GeV/c^2 where A_{F B} is small (giving χ^2/DOF=44.8/39), and M_{ee} > 105 GeV/c^2 where A_{F B} is large and positive (giving χ^2/DOF=7.8/9). Finally, the comparison of A^{raw}_{F B} in 15 M_{ee} bins (Table XI) with the Standard Model simulation gives a χ^2/DOF=15.7/15. The data shows excellent agreement with the Standard Model in all of these distributions. The objective of the following sections will be to obtain the corrected A^{phys}_{F B} and Z couplings that can be used without the CDF simulation.

B. The Standard Model prediction

Currently, there are a number of programs that generate Drell-Yan events produced in hadron collisions. PYTHIA generates events using leading-order (LO) cross sections and incorporates initial-state QCD radiation and initial- and final-state QED radiation via parton shower algorithms. HERWIG uses LO cross sections with initial state QCD radiation via parton shower algorithms. ZGRAD [37] includes full O(α) electroweak corrections but no QCD corrections, resulting in p^{Z/γ∗}_T ≃ 0. The gluon resummation program VBP [38, 39], which does the gluon resummation in the q_t space at low p^{Z/γ∗}_T and reduces to NLO QCD at high p^{Z/γ∗}_T , does not include any electroweak corrections. Unfortunately, there

Mass Range Energy Energy Material Bgrnd Input Tot Stat (GeV/c^2) Scale Resol.

40 − 60 -0.013 0.013 -0.028 -0.053 -0.018 0.065 0.108 60 − 70 0.012 0.012 0.027 -0.038 0.074 0.089 0.095 70 − 78 -0.010 0.014 -0.022 -0.009 -0.041 0.050 0.072 78 − 86 -0.015 0.033 0.012 -0.001 -0.053 0.066 0.043 86 − 88 -0.013 0.015 0.013 0.001 -0.034 0.041 0.048 88 − 90 -0.011 0.005 0.011 -0.000 -0.014 0.021 0.035 90 − 92 0.006 0.006 -0.009 0.001 0.009 0.015 0.031 92 − 94 -0.009 -0.005 -0.010 0.000 -0.004 0.014 0.033 94 − 100 -0.014 -0.022 -0.010 0.000 -0.017 0.033 0.034 100 − 105 -0.017 -0.080 -0.045 0.002 -0.015 0.095 0.099 105 − 120 -0.013 -0.014 0.027 0.011 -0.004 0.035 0.091 120 − 140 -0.004 -0.004 0.008 0.023 -0.008 0.026^{+0.14}_{−0.15} 140 − 200 0.004 0.004 0.011 0.006 -0.007 0.016^{+0.14}_{−0.15} 200 − 300 -0.008 -0.008 0.017 0.033 -0.005 0.039^{+0.18}_{−0.24} 300 − 600 -0.017 0.017 -0.032 0.000 0.000 0.040^{+0.00}_{−0.64}

TABLE X: Summary of uncertainties on A^{phys}_{F B} calculated using Eq. (15) and the couplings fits for AF B as input to the acceptance calculation. When a systematic shift is tested in two directions (+1σ and −1σ of the variable in question), the larger shift is chosen. The sign represents the sign of the change in AF B due to +1σ variation and is not used in the measurement of AF B . The systematic uncertainty due to the Standard Model assumptions used in the correction factor calculation is labeled as “Input.”

FIG. 21: Invariant-mass distribution of the data compared to the prediction for signal and background combined. The points are the data, the histogram is the signal Monte Carlo sample, and the shaded histograms are the background predictions. The contributions are added or stacked.

is no one program that includes both O(α) electroweak and NLO QCD corrections. A calculation that includes O(α) electroweak and some QCD corrections can be obtained by running ZGRAD with the parton showering code in PYTHIA. Six Monte Carlo programs are used to constrain the possible values for the A_{F B} measurement. They are PYTHIA, VBP, ZGRAD, ZGRAD + PYTHIA, and PYTHIA with no QCD corrections with

CTEQ5L parton distribution functions, and PYTHIA with MRST2001 parton distribution functions. In each mass bin, a band is constructed to extend from the lowest to the highest values of the six A_{F B} calculations. The uncertainty on the theoretical prediction due to different event generators is taken to be the width of the band in any mass bin. In Fig. 23, each calculation is compared to the center and width of the band in each M_{ee} bin. A comparison of these Monte Carlo programs also demonstrates the extent to which the Collin-Soper frame (Sec. II D) minimizes the impact of the transverse momentum of the incoming quarks. The PYTHIA (LO) and ZGRAD programs, which have no initial-state QCD radiation, can be compared to the VBP, ZGRAD+PYTHIA, and PYTHIA programs which include initial-state QCD radiation. The difference in A_{F B} between having and not having initial-state QCD radiation is negligible compared to the A_{F B} measurement uncertainties (see Fig. 24).

C. AF B measurement without Standard Model constraints

The forward-backward charge asymmetry is measured using the maximum likelihood method and comparing A^{raw}_{F B} returned by the parameterized acceptance and smearing from Sec. V D to the data at detector level. This method is unbiased since it does not make any prior assumption about the values of A_{F B} . The number of events in various invariant-mass bins between 40 GeV/c^2

FIG. 22: Distributions of cos θ^∗ for the three mass regions of the data compared to the predictions for the signal and background combined. The points are the data, the open histograms are the predictions from signal Monte Carlo simulation, and the shaded histograms are the predictions from background. The contributions are added or stacked.

and 600 GeV/c^2 and A^{raw}_{F B} are summarized in Table XI.

The probability for finding a forward or backward event for a given A_{F B} is

P (^F_B) = 1 2 (1 ± A_{F B} ), (23)

and the probability to find N^F forward and N^B backward events among N events is given by the binomial distribution:

P (A_{F B}, N^F , N^B) = (^N F ) · (1 + A_{F B} )^{N F}

·(1 − A_{F B} )^{N B} · ( 1 2 )^{N F +N B} .(24)

Defining α as the negative logarithm of the likelihood function, we obtain: α = 15∑ i −N^F_i · log(1 + g(A, i)) −N^B_i · log(1 − g(A, i)) + C, (25) where A = {(A^{phys}_{F B} )_1, (A^{phys}_{F B} )_2, . . ., (A^{phys}_{F B} )_{15}}. (26)

FIG. 23: Each of six theoretical calculations compared to the center and width of the theoretical band. The variation from different theoretical calculations is expressed as the width of the band which is determined by the highest and lowest values of AF B , including the uncertainties, in each mass bin.

The large correlations between invariant-mass bins near the Z pole (see Fig. 19B) lead to large uncertainties on A_{F B} . In this case, it is customary to add a regularization function to the likelihood [40] to reduce the variances. We choose the Tikhonov regularization, which adds a function proportional to the second derivative of the true distribution.

S[A_i] = ∫ bin i ( d^2f_{true}(M_{ee}, A_i) dM^2_{ee} )_2 dM_{ee}, (27) where A_i = {(A^{phys}_{F B} )_{i−1}, (A^{phys}_{F B} )_i, (A^{phys}_{F B} )_{i+1}}, (28)

and where the integral is performed over the entire range of bin i in M_{ee}. Since the binning is not uniform, a parabolic form is assumed for f_{true}(M_{ee}, A_i),

f_{true}(M_{ee}, A_i) = a + b · M_{ee} + c · M^2_{ee}. (29)

The parameters a, b, and c are solved for by integrating f over bins i − 1, i, and i + 1, and setting the integrals equal to A_i. S[A_i] can then be simplified to

S[A_i] = 4 · (c(A_i))^2 · ΔM^i_{ee}. (30)

This function is only applied to bins 2 through 9, since those are the bins with large migration. Adding this to the likelihood, a new equation is made α^′ = 15∑ i=1 {−N^F_i · log(1 + g(A, i)) − N^B_i · log(1 − g(A, i))} + λ · 9∑ i=2 S[A_i] + C. (31)

FIG. 24: Experimental results for AF B with statistical and systematic uncertainties (crosses), and theoretical predictions based on six independent calculations as described in Sec. VII B (bands). The experimental results for AF B are measured by fitting to A^{raw}_{F B} with Tikhonov regularization (Sec. VII C). The bottom figure shows the Z pole region in more detail.

The parameter λ is called the regularization parameter, and is arbitrary. A very small λ will have no effect on the fit, and a very large λ will dominate the likelihood. In this analysis λ is chosen such that α^′ = α +^1_2 . The result is not sensitive to changes as large as a factor of 2 or^1_2 in λ. The fitting package Minuit [41] is used to minimize α^′, as a function of A. A^{phys}_{F B} obtained after Tikhonov regularization is shown in Fig. 24 and in Table XII for different invariant-mass bins. The statistical and systematic uncertainties of the measurement and the prediction from PYTHIA are also given in Table XII.

D. Study of the Z-quark couplings using the AF B measurement

As seen in Sec. I, the vector and axial-vector nature of the interaction pp → Z/γ^∗ → e^+e^− renders the A_{F B} measurement a direct probe of the relative strengths of the vector and axial-vector couplings between the quarks and the Z boson. In this section, the effect of varying the Z-quark couplings on the forward-backward charge asymmetry of electron-positron pairs is investigated.

The A^{raw}_{F B} measurement at detector level is compared to the following theoretical parameterization: A^{raw}_{F B} (u_V , u_A, d_V , d_A) = A^{raw}_{F B LO}(u_V , u_A, d_V , d_A) −A^{raw}_{F B LO}(SM ) +A^{raw}_{F B O(α)}(SM ), (32) where A^{raw}_{F B LO} is the predicted A_{F B} at the leading order and A^{raw}_{F B O(α)} is the A_{F B} calculated at the O(α) electroweak corrections level with the ZGRAD generator described in Sec. VII B. The quark couplings are changed at tree level assuming Standard Model couplings for the leptons. Both A^{raw}_{F B LO} and A^{raw}_{F B O(α)} are obtained after smearing the corresponding A^{phys}_{F B} with the parameterization presented in Sec. V D. The parameterized A^{raw}_{F B} (u_V , u_A, d_V , d_A), function of the Z-quark couplings, is compared to the measured A^{raw}_{F B} , and the best match is used to extract the coupling constants. Table XIII shows the coupling constants obtained after χ^2 minimization, along with the corresponding statistical and systematic uncertainties. The χ^2 divided by the number of degrees of freedom (χ^2/DOF) equals 10.40/11.

The contribution from the different sources of systematic uncertainties on the quark coupling constants is given in Table XIV, and the correlation matrix is shown in Table XV. For a given source of uncertainty, the systematic error on the coupling is calculated by repeating the fit using the measured A^{raw}_{F B} shifted by its systematic uncertainty. The difference between the fitted coupling value obtained using the shifted A^{raw}_{F B} and the nominal one is taken as the systematic uncertainty from that source. For the PDF uncertainty, we measured the couplings with four different parton distribution functions: MRST99, MRST2001, CTEQ6L and CTEQ5L (default). The uncertainty due to the PDF models is determined by the largest difference in the fitted coupling values with respect to the couplings obtained with CTEQ5L. The sign of the systematic uncertainty is defined in the same manner as in Table X. Figure 25 displays the residuals compared to the SM A_{F B} from the data (open markers) and from the fit (solid line) as a function of the invari-

Mass Range Observed Events Background A^{raw}_{F B} (GeV/c^2) cos θ^∗ > 0 cos θ^∗ < 0 cos θ^∗ > 0 cos θ^∗ < 0 ±stat ± sys.

40 < Mee < 60 76 78 37.8 ± 9.2 32.4 ± 9.2 -0.09 ± 0.11 ± 0.05 60 < Mee < 70 46 68 19.0 ± 4.6 17.4 ± 4.6 -0.31 ± 0.11 ± 0.04 70 < Mee < 78 69 98 12.4 ± 2.8 9.9 ± 2.7 -0.22 ± 0.08 ± 0.01 78 < Mee < 86 267 266 8.2 ± 2.0 7.4 ± 2.0 0.00 ± 0.04 ± 0.00 86 < Mee < 88 246 204 1.4 ± 0.4 1.6 ± 0.4 0.09 ± 0.05 ± 0.00 88 < Mee < 90 420 393 1.5 ± 0.4 1.3 ± 0.3 0.03 ± 0.04 ± 0.00 90 < Mee < 92 550 476 1.8 ± 0.4 1.4 ± 0.4 0.07 ± 0.03 ± 0.00 92 < Mee < 94 481 392 1.4 ± 0.3 1.3 ± 0.3 0.10 ± 0.03 ± 0.00 94 < Mee < 100 463 325 4.1 ± 0.9 3.1 ± 0.8 0.18 ± 0.04 ± 0.00 100 < Mee < 105 59 39 2.0 ± 0.5 1.6 ± 0.5 0.21 ± 0.10 ± 0.00 105 < Mee < 120 67 23 4.1 ± 0.9 3.2 ± 0.9 0.52 ± 0.09 ± 0.01 120 < Mee < 140 29 15 2.2 ± 0.6 2.2 ± 0.6 0.35 ± 0.15 ± 0.02 140 < Mee < 200 29 16 3.2 ± 0.6 1.9 ± 0.4 0.29 ± 0.15 ± 0.01 200 < Mee < 300 11 3 0.6 ± 0.2 0.5 ± 0.2 0.61 ± 0.22 ± 0.03 300 < Mee < 600 2 0 0.2 ± 0.1 0.0 ± 0.0 1.00^{+0}_{−0.632} ± 0.00

TABLE XI: Summary of observed events, estimated backgrounds, and A^{raw}_{F B} in the dielectron sample from 72 pb^{−1} of Run II data. The systematic uncertainty on A^{raw}_{F B} includes only the background subtraction.

Mass Range < Mee > Measured AF B PYTHIA AF B (GeV/c^2) (GeV/c^2) 40 ≤ Mee < 60 48.2 -0.11 ± 0.13 ± 0.05 -0.214 ± 0.003 60 ≤ Mee < 70 64.9 -0.51^{+0.18}_{−0.17} ± 0.07 -0.420 ± 0.005 70 ≤ Mee < 78 74.3 -0.45 ± 0.19 ± 0.05 -0.410 ± 0.005 78 ≤ Mee < 86 83.0 -0.11 ± 0.17 ± 0.09 -0.214 ± 0.003 86 ≤ Mee < 88 87.1 0.07 ± 0.23 ± 0.19 -0.079 ± 0.004 88 ≤ Mee < 90 89.2 0.03 ± 0.13 ± 0.09 -0.001 ± 0.002 90 ≤ Mee < 92 91.0 0.047 ± 0.077 ± 0.076 0.054 ± 0.001 92 ≤ Mee < 94 92.8 0.15 ± 0.19 ± 0.16 0.112 ± 0.002 94 ≤ Mee < 100 96.0 0.35 ± 0.20 ± 0.08 0.198 ± 0.003 100 ≤ Mee < 105 102.2 -0.02 ± 0.30 ± 0.19 0.338 ± 0.006 105 ≤ Mee < 120 110.7 0.67 ± 0.15 ± 0.05 0.454 ± 0.006 120 ≤ Mee < 140 128.2 0.32^{+0.17}_{−0.19} ± 0.01 0.554 ± 0.002 140 ≤ Mee < 200 161.2 0.29^{+0.16}_{−0.17} ± 0.01 0.598 ± 0.002 200 ≤ Mee < 300 233.6 0.65^{+0.20}_{−0.27} ± 0.03 0.609 ± 0.004 300 ≤ Mee < 600 352.4 1.00^{+0.00}_{−0.51}^{+0}_{−0.02} 0.616 ± 0.007

TABLE XII: Experimental results for AF B measured by fitting to A^{raw}_{F B} with a Tikhonov regularization function. Statistical and systematic uncertainties are included along with predictions from PYTHIA using CTEQ5L. The uncertainties in the PYTHIA predictions are MC statistical errors. < Mee > is the cross section weighted average of the invariant mass in each bin.

ant mass. The dashed curve corresponds to the residuals with the u_V quark coupling shifted by 1σ.

The CDF sensitivity, with ∼72 pb^{−1} of analyzed data, is limited, but the values of the couplings are consistent with the Standard Model. Figure 26 shows the contours at 68% and 90% confidence level for the u (left) and d (right) quark couplings to the Z boson in the vector-, axial-vector basis. The closed markers correspond to the Standard Model predictions.

Table XVI summarizes the effective left- and righthanded coupling constants obtained from this study and compares them to the Standard Model prediction as well as the current experimental values of the effective couplings determined from ‘model independent’ fits to

Coupling Uncertainty Statistical Systematic uV 0.399^{+0.152}_{−0.188} 0.066 uA 0.441^{+0.207}_{−0.173} 0.067 dV -0.226^{+0.635}_{−0.290} 0.090 dA -0.016^{+0.346}_{−0.536} 0.091

TABLE XIII: Vector and axial-vector quark couplings with statistical and systematic errors obtained from the fit to the AF B measurement at detector level.

FIG. 25: Residuals compared to the SM AF B as a function of the invariant mass from the data (open marker) and from the fit (solid line). The dashed line represents the residuals with the uV coupling from the fit shifted by 1σ.

neutral-current data [42]. As the present study is dominated by the statistical uncertainties, the sensitivity of these measurements will improve with higher integrated luminosities.

The Z-quark couplings returned by the fit are subsequently used to compute the A^{phys}_{F B} which is shown for different invariant-mass bins in Table XVII. The uncer-

En. scale Resol. material bckgrd. PDF uV -0.056 -0.023 -0.025 0.001 -0.001 uA -0.013 -0.048 -0.009 -0.044 0.003 dV -0.013 0.038 -0.076 -0.021 0.017 dA -0.059 0.062 0.006 -0.025 -0.018

TABLE XIV: Contribution of the different sources of systematic uncertainty on the quark coupling constants.

uV uA dV dA uV 1.000 0.454 0.303 -0.037 uA 0.454 1.000 0.214 0.428 dV 0.303 0.214 1.000 0.548 dA -0.037 0.428 0.548 1.000

TABLE XV: The correlation matrix of the statistical errors in the measurement of the up and down quark couplings.

This study Exp. values [42] SM prediction [42] uL 0.419^{+0.131}_{−0.167} 0.330 ± 0.016 0.3459 ± 0.0002 dL -0.116^{+0.418}_{−0.352} -0.439 ± 0.011 -0.4291 ± 0.0002 uR 0.020^{+0.145}_{−0.150} -0.176^{+0.011}_{−0.006} -0.1550 ± 0.0001 dR 0.105^{+0.128}_{−0.315} -0.023^{+0.070}_{−0.047} 0.0776

TABLE XVI: Effective left- and right-handed coupling constants obtained from this study and compared to current experimental values and the Standard Model prediction from [42].

tainties in the resulting A^{phys}_{F B} are the total (statistical and systematic) uncertainties from the fit of the Z couplings. A^{phys}_{F B} is then used to calculate the acceptance as discussed in Sec. V E.

Bin Mass Range Fitted A^{phys}_{F B} 0 40 < Mee < 60 GeV/c^2 -0.170 ± 0.074 1 60 < Mee < 70 GeV/c^2 -0.355 ± 0.125 2 70 < Mee < 78 GeV/c^2 -0.373 ± 0.109 3 78 < Mee < 86 GeV/c^2 -0.183 ± 0.124 4 86 < Mee < 88 GeV/c^2 -0.044 ± 0.083 5 88 < Mee < 90 GeV/c^2 0.028 ± 0.053 6 90 < Mee < 92 GeV/c^2 0.088 ± 0.027 7 92 < Mee < 94 GeV/c^2 0.140 ± 0.039 8 94 < Mee < 100 GeV/c^2 0.223 ± 0.060 9 100 < Mee < 105 GeV/c^2 0.342 ± 0.087 10 105 < Mee < 120 GeV/c^2 0.429 ± 0.101 11 120 < Mee < 140 GeV/c^2 0.493 ± 0.135 12 140 < Mee < 200 GeV/c^2 0.506 ± 0.159 13 200 < Mee < 300 GeV/c^2 0.501 ± 0.171 14 300 < Mee < 600 GeV/c^2 0.498 ± 0.175

TABLE XVII: Forward-Backward asymmetry calculated with the Z-quark coupling values returned by the fit. The uncertainties in AF B are based on the total (statistical and systematic) uncertainties on the Z coupling values returned from the fit.

Assuming Standard Model Z-quark couplings, we can also determine the vector and axial-vector couplings between the electron and the Z-boson, using the same method. Table XVIII shows the fitted electron coupling values along with statistical and systematic uncertain-

FIG. 26: 68% and 90% confidence level contours for the u (top) and d (bottom) quark couplings to the Z boson. The Standard Model predictions for these couplings are indicated by closed markers.

ties. Combined LEP and SLD data [43] as well as the Standard Model prediction [42] are shown for comparison. The χ^2/DOF of the fit equals to 13.14/13. For the present measurement, the uncertainties are dominated by the statistical uncertainties. The contributions of the different systematic uncertainties are given in Table XIX. Note that the correlation coefficient between the vector and axial-vector couplings is 0.78.

Finally a fit where the quark and electron couplings to the Z boson are expressed as a function of sin^2 θ^{eff}_W gives:

sin^2 θ^{eff}_W = 0.2238 ± 0.0040(stat) ± 0.0030(syst), (33)

FIG. 27: Experimental results for AF B along with statistical and systematic uncertainties (crosses), and theoretical predictions based on the six calculations as described in Sec. VII B (bands). The measured AF B values are corrected for acceptance, efficiency, resolution, and bremsstrahlung. The correction assumes the Standard Model and uses the derived A^{phys}_{F B} from the Z-quark coupling values. The bottom figure shows the Z pole region in more detail.

with a χ^2/DOF equals to 12.50/14. The present CDF sensitivity on sin^2 θ^{eff}_W is provided by the Z-electron couplings and is expected to improve with higher statistics.

E. AF B measurement assuming the fitted Standard Model couplings in the acceptance calculation

The total acceptance, a^±_{cor}, is calculated for each bin using the A^{phys}_{F B} obtained from the Z coupling fits (Table XVII). The A_{F B} measurements are corrected for acceptance, efficiency, resolution and bremsstrahlung using Eq. (15). The measured A_{F B} and the prediction from PYTHIA using CTEQ5L parton distribution functions are listed in Table XX, and the measurements are compared with the Standard Model theoretical calculations (see Sec. VII B) in Fig. 27. This technique, which is biased by the Standard Model input, is similar to the Run I analysis [6].

coupling Stat. Syst. Total SLD+LEP meas. SM prediction err. err. err.

eV -0.058 0.016 0.007 0.017 -0.03816 ±0.00047 -0.0397 ±0.0003 eA -0.528 0.123 0.059 0.136 -0.50111 ±0.00035 -0.5064 ±0.0001

TABLE XVIII: Vector and axial-vector electron couplings with statistical and systematics uncertainties obtained from a fit to the AF B measurement. Combined LEP and SLD data [43] as well as the standard model prediction [42] are also given.

En. scale Resol. material bckgrd. PDF eV -0.005 0.005 0.001 -0.001 0.001 eA -0.002 0.055 0.006 -0.005 0.019

TABLE XIX: Contribution of the different sources of systematic uncertainty on the electron coupling constants.

VIII. CONCLUSIONS

We report a measurement of the forward-backward charge asymmetry (A_{F B} ) of electron pairs resulting from the process pp → Z/γ^∗ + X where Z/γ^∗ → e^+e^−. The data are collected with the CDF II detector between March 2002 and January 2003, corresponding to about 72 pb^{−1}.

Comparisons have been made between the data and a simulated Standard Model prediction of the uncorrected M_{ee} line shape, cos θ^∗ distributions in three M_{ee} regions, and A_{F B} distribution. All comparisons give excellent agreement, with the uncorrected A_{F B} distribution giving a χ^2/DOF=15.7/15. The first principal result is a measurement of the corrected A_{F B} in 15 M_{ee} bins using an unfolding analysis that doesn’t assume a prior Standard Model A_{F B} distribution. It has large uncertainties near the Z pole because the A_{F B} in those bins have large correlations. In the current dataset, there is no evidence of deviations from the Standard Model in the high M_{ee} bins that might indicate non–Standard Model physics. The second principal result is a measurement of three sets of parameters: the Z-quark couplings, the Z-electron couplings, and sin^2 θ_W . All three couplings measurements yield results consistent with the Standard Model. It may be possible to improve our understanding of the Z-quark couplings with a much larger dataset.

Acknowledgments

We thank the Fermilab staff and the technical staffs of the participating institutions for their vital contributions. This work was supported by the U.S. Department of Energy and National Science Foundation; the Italian Istituto Nazionale di Fisica Nucleare; the Ministry of Education, Culture, Sports, Science and Technology of Japan; the Natural Sciences and Engineering Research Council of Canada; the National Science Council of the Republic of China; the Swiss National Science Foundation; the A.P. Sloan Foundation; the Research Corporation; the Bundesministerium fuer Bildung und Forschung, Germany; the Korean Science and Engineering Foundation and the Korean Research Foundation; the Particle Physics and Astronomy Research Council and the Royal Society, UK; the Russian Foundation for Basic Research; the Comision Interministerial de Ciencia y Tecnologia, Spain; and in part by the European Community’s Human Potential Programme under contract HPRN-CT-2002-00292, Probe for New Physics.

[1] S. D. Drell and T.-M. Yan, Phys. Rev. Lett. 25, 316

(1970).

[2] S. D. Drell and T.-M. Yan, Ann. Phys. 66, 578 (1971). [3] J. L. Rosner, Phys. Rev. D54, 1078 (1996). [4] G. P. Zeller et al. (NuTeV), Phys. Rev. Lett. 88, 091802

(2002).

[5] S. C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82,

2484 (1999).

[6] T. Affolder et al. (CDF), Phys. Rev. Lett. 87, 131802

(2001).

[7] F. Abe et al. (CDF), Nucl. Instr. Meth. A271, 387

(1988).

[8] F. Abe et al. (CDF), Phys. Rev. D50, 2966 (1994). [9] R. Blair et al. (CDF-II) (1996), FERMILAB-PUB-96-

390-E.

[10] T. Affolder et al. (CDF), Nucl. Instrum. Meth. A526,

249 (2004).

[11] L. Balka et al. (CDF), Nucl. Instrum. Meth. A267, 272 (1988).

[12] S. R. Hahn et al. (CDF), Nucl. Instr. Meth. A267, 351 (1988).

[13] K. Yasuoka, S. Mikamo, T. Kamon, and A. Yamashita (CDF NW Wedge Group), Nucl. Instr. Meth. A267, 315 (1988).

[14] R. G. Wagner et al. (CDF), Nucl. Instrum. Meth. A267, 330 (1988).

[15] T. Devlin et al. (CDF), Nucl. Instrum. Meth. A267, 24 (1988).

[16] S. Bertolucci et al. (CDF), Nucl. Instrum. Meth. A267, 301 (1988).

[17] P. de Barbaro et al., IEEE Trans. Nucl. Sci. 42, 510 (1995).

Mass Range < Mee > Measured AF B PYTHIA AF B (GeV/c^2) (GeV/c^2)

40 ≤ Mee < 60 48.2 -0.131 ± 0.108 ± 0.065 -0.214 ± 0.003 60 ≤ Mee < 70 64.9 -0.447 ± 0.095 ± 0.089 -0.420 ± 0.005 70 ≤ Mee < 78 74.3 -0.400 ± 0.072 ± 0.050 -0.410 ± 0.005 78 ≤ Mee < 86 83.0 -0.154 ± 0.043 ± 0.066 -0.214 ± 0.003 86 ≤ Mee < 88 87.1 0.002 ± 0.048 ± 0.041 -0.079 ± 0.004 88 ≤ Mee < 90 89.2 -0.015 ± 0.035 ± 0.021 -0.001 ± 0.002 90 ≤ Mee < 92 91.0 0.078 ± 0.031 ± 0.015 0.054 ± 0.001 92 ≤ Mee < 94 92.8 0.138 ± 0.033 ± 0.014 0.112 ± 0.002 94 ≤ Mee < 100 96.0 0.247 ± 0.034 ± 0.033 0.198 ± 0.003 100 ≤ Mee < 105 102.2 0.248 ± 0.099 ± 0.095 0.338 ± 0.006 105 ≤ Mee < 120 110.7 0.545 ± 0.091 ± 0.035 0.454 ± 0.006 120 ≤ Mee < 140 128.2 0.36^{+0.14}_{−0.15} ± 0.03 0.554 ± 0.002 140 ≤ Mee < 200 161.2 0.30^{+0.14}_{−0.15} ± 0.02 0.598 ± 0.002 200 ≤ Mee < 300 233.6 0.62^{+0.18}_{−0.24} ± 0.04 0.609 ± 0.004 300 ≤ Mee < 600 352.4 1.000^{+0.000}_{−0.64}^{+0}_{−0.04} 0.616 ± 0.007

TABLE XX: Experimental results for AF B along with statistical and systematic uncertainties and predictions from PYTHIA with CTEQ5L. The uncertainties on the PYTHIA predictions are MC statistical errors. The measured AF B values are corrected for acceptance, efficiency, resolution, and bremsstrahlung. The correction assumes the Standard Model and uses the A^{phys}_{F B} derived from the fitted Z-quark coupling values. < Mee > is the cross section weighted average of the invariant mass in each bin.

[18] B. L. Winer, Int. J. Mod. Phys. A16S1C, 1169 (2001). [19] K. Anikeev et al. (On behalf of the CDF), Comput. Phys.

Commun. 140, 110 (2001).

[20] E. J. Thomson et al., IEEE Trans. Nucl. Sci. 49, 1063

(2002).

[21] T. Sjostrand et al., Comput. Phys. Commun. 135, 238

(2001).

[22] G. Corcella et al., JHEP 01, 010 (2001).

[23] H. L. Lai et al. (CTEQ), Eur. Phys. J. C12, 375 (2000). [24] T. Affolder et al. (CDF), Phys. Rev. Lett. 84, 845 (2000). [25] U. Baur and E. L. Berger, Phys. Rev. D41, 1476 (1990). [26] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and

A. D. Polosa, JHEP 07, 001 (2003).

[27] S. Agostinelli et al. (GEANT4), Nucl. Instrum. Meth.

A506, 250 (2003).

[28] Z. Was, Nucl. Phys. Proc. Suppl. 98, 96 (2001). [29] J. C. Collins and D. E. Soper, Phys. Rev. D16, 2219

(1977).

[30] M. G. Albrow et al. (CDF), Nucl. Instrum. Meth. A480,

524 (2002).

[31] R. Hamberg, W. L. van Neerven, and T. Matsuura, Nucl.

Phys. B359, 343 (1991).

[32] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88,

201801 (2002).

[33] J. M. Campbell and R. K. Ellis, Phys. Rev. D60, 113006 (1999).

[34] M. Cacciari, S. Frixione, M. L. Mangano, P. Nason, and G. Ridolfi, JHEP 04, 068 (2004).

[35] R. Bonciani, S. Catani, M. L. Mangano, and P. Nason, Nucl. Phys. B529, 424 (1998).

[36] S. Catani, M. L. Mangano, P. Nason, and L. Trentadue, Phys. Lett. B378, 329 (1996).

[37] U. Baur, O. Brein, W. Hollik, C. Schappacher, and D. Wackeroth, Phys. Rev. D65, 033007 (2002).

[38] R. K. Ellis and S. Veseli, Nucl. Phys. B511, 649 (1998). [39] R. K. Ellis, D. A. Ross, and S. Veseli, Nucl. Phys. B503, 309 (1997).

[40] G. Cowan (2002), prepared for Conference on Advanced Statistical Techniques in Particle Physics, Durham, England, 18-22 Mar 2002.

[41] F. James and M. Roos, Comput. Phys. Commun. 10, 343 (1975).

[42] K. Hagiwara et al. (Particle Data Group), Phys. Rev.

D66, 010001 (2002).

[43] (2003), hep-ex/0312023.