arXiv:hep-ex/0311039 v2 17 Sep 2004

Combination of CDF and DØ Results on W Boson Mass and Width

V.M. Abazov,^{36,§} B. Abbott,^{94,§} A. Abdesselam,^{13,§} M. Abolins,^{82,§} V. Abramov,^{39,§} B.S. Acharya,^{20,§} D. Acosta,^{57,†} D.L. Adams,^{90,§} M. Adams,^{62,§} T. Affolder,^{55,†} S.N. Ahmed,^{35,§} H. Akimoto,^{31,†} A. Akopian,^{87,†} M.G. Albrow,^{60,†} G.D. Alexeev,^{36,§} A. Alton,^{81,§} G.A. Alves,^{2,§} P. Amaral,^{61,†} D. Ambrose,^{95,†} S.R. Amendolia,^{25,†} D. Amidei,^{81,†} K. Anikeev,^{78,†} J. Antos,^{6,†} G. Apollinari,^{60,†} Y. Arnoud,^{11,§} T. Arisawa,^{31,†} A. Artikov,^{36,†} T. Asakawa,^{29,†} C. Avila,^{7,§} W. Ashmanskas,^{59,†,‡} M. Atac,^{60,†} F. Azfar,^{46,†} P. Azzi-Bacchetta,^{24,†} V.V. Babintsev,^{39,§} L. Babukhadia,^{89,§} N. Bacchetta,^{24,†} H. Bachacou,^{49,†} T.C. Bacon,^{44,§} A. Baden,^{74,§} W. Badgett,^{60,†} S. Baffioni,^{12,§} M.W. Bailey,^{85,†} S. Bailey,^{77,†} B. Baldin,^{60,§} P.W. Balm,^{34,§} S. Banerjee,^{20,§} P. de Barbaro,^{88,†} A. Barbaro-Galtieri,^{49,†} E. Barberis,^{76,§} P. Baringer,^{70,§} V.E. Barnes,^{68,†} B.A. Barnett,^{73,†} S. Baroiant,^{50,†} M. Barone,^{23,†} J. Barreto,^{2,§} J.F. Bartlett,^{60,§} U. Bassler,^{14,§} D. Bauer,^{66,§} G. Bauer,^{78,†} A. Bean,^{70,§} F. Beaudette,^{13,§} F. Bedeschi,^{25,†} S. Behari,^{73,†} M. Begel,^{88,§} S. Belforte,^{27,†} W.H. Bell,^{42,†} G. Bellettini,^{25,†} J. Bellinger,^{105,†} A. Belyaev,^{58,§} D. Benjamin,^{91,†} J. Bensinger,^{80,†} A. Beretvas,^{60,†} J.P. Berge,^{60,†} S.B. Beri,^{18,§} G. Bernardi,^{14,§} I. Bertram,^{43,§} J. Berryhill,^{61,†} A. Besson,^{11,§} R. Beuselinck,^{44,§} B. Bevensee,^{95,†} V.A. Bezzubov,^{39,§} P.C. Bhat,^{60,§} V. Bhatnagar,^{18,§} M. Bhattacharjee,^{89,§} A. Bhatti,^{87,†} M. Binkley,^{60,†} D. Bisello,^{24,†} M. Bishai,^{60,†} R.E. Blair,^{59,†} G. Blazey,^{63,§} F. Blekman,^{34,§} S. Blessing,^{58,§} C. Blocker,^{80,†} K. Bloom,^{81,†} B. Blumenfeld,^{73,†} S.R. Blusk,^{88,†} A. Bocci,^{87,†} A. Bodek,^{88,†} A. Boehnlein,^{60,§} N.I. Bojko,^{39,§} W. Bokhari,^{95,†} G. Bolla,^{68,†} A. Bolshov,^{78,†} T.A. Bolton,^{71,§} Y. Bonushkin,^{53,†} F. Borcherding,^{60,§} D. Bortoletto,^{68,†} K. Bos,^{34,§} T. Bose,^{86,§} J. Boudreau,^{97,†} A. Brandl,^{85,†} A. Brandt,^{99,§} S. van den Brink,^{73,†} G. Briskin,^{98,§} R. Brock,^{82,§} C. Bromberg,^{82,†} G. Brooijmans,^{86,§} A. Bross,^{60,§} M. Brozovic,^{91,†} N. Bruner,^{85,†} E. Brubaker,^{49,†} D. Buchholz,^{64,§} E. Buckley-Geer,^{60,†} J. Budagov,^{36,†} H.S. Budd,^{88,†} M. Buehler,^{62,§} V. Buescher,^{16,§} K. Burkett,^{60,†} V.S. Burtovoi,^{39,§} G. Busetto,^{24,†} J.M. Butler,^{75,§} A. Byon-Wagner,^{60,†} K.L. Byrum,^{59,†} S. Cabrera,^{91,†} P. Calafiura,^{49,†} M. Campbell,^{81,†} F. Canelli,^{88,§} W. Carithers,^{49,†,‡} J. Carlson,^{81,†} D. Carlsmith,^{105,†} W. Carvalho,^{3,§} J. Cassada,^{88,†} D. Casey,^{82,§} H. Castilla-Valdez,^{33,§} A. Castro,^{22,†} D. Cauz,^{27,†} A. Cerri,^{49,†} L. Cerrito,^{65,†} D. Chakraborty,^{63,§} A.W. Chan,^{6,†} K.M. Chan,^{88,§} P.S. Chang,^{6,†} P.T. Chang,^{6,†} J. Chapman,^{81,†} C. Chen,^{95,†} Y.C. Chen,^{6,†} M.-T. Cheng,^{6,†} S.V. Chekulaev,^{39,§} M. Chertok,^{50,†} G. Chiarelli,^{25,†} I. Chirikov-Zorin,^{36,†} G. Chlachidze,^{15,†} F. Chlebana,^{60,†} D.K. Cho,^{88,§} S. Choi,^{54,§} S. Chopra,^{90,§} L. Christofek,^{65,†} M.L. Chu,^{6,†} J.Y. Chung,^{92,†} W.-H. Chung,^{105,†} Y.S. Chung,^{88,†} C.I. Ciobanu,^{65,†} D. Claes,^{83,§} A.G. Clark,^{41,†} A.R. Clark,^{48,§} M. Coca,^{88,†} A. Connolly,^{49,†} B. Connolly,^{58,§} M. Convery,^{87,†} J. Conway,^{84,†} J. Cooper,^{60,†} W.E. Cooper,^{60,§} D. Coppage,^{70,§} M. Cordelli,^{23,†} J. Cranshaw,^{102,†} S. Crépé-Renaudin,^{11,§} D. Cronin-Hennessy,^{91,†} R. Cropp,^{4,†} R. Culbertson,^{60,†} M.A.C. Cummings,^{63,§} D. Cutts,^{98,§} D. Dagenhart,^{79,†} H. da Motta,^{2,§} S. D’Auria,^{42,†} G.A. Davis,^{88,§} K. De,^{99,§} S. De Cecco,^{26,†} F. DeJongh,^{60,†} S.J. de Jong,^{35,§} S. Dell’Agnello,^{23,†} M. Dell’Orso,^{25,†} M. Demarteau,^{60,§} S. Demers,^{88,†} R. Demina,^{88,§} P. Demine,^{15,§} L. Demortier,^{87,†} M. Deninno,^{22,†} D. Denisov,^{60,§} S.P. Denisov,^{39,§} D. De Pedis,^{26,†} P.F. Derwent,^{60,†} S. Desai,^{89,§} T. Devlin,^{84,†} H.T. Diehl,^{60,§,‡} M. Diesburg,^{60,§} C. Dionisi,^{26,†} J.R. Dittmann,^{60,†} A. Dominguez,^{49,†} S. Donati,^{66,†} J. Done,^{100,†} M. D’Onofrio,^{41,†} T. Dorigo,^{24,†} S. Doulas,^{76,§} L.V. Dudko,^{38,§} L. Duflot,^{13,§} S.R. Dugad,^{20,§} A. Duperrin,^{12,§} A. Dyshkant,^{63,§} N. Eddy,^{65,†} D. Edmunds,^{82,§} K. Einsweiler,^{49,†} J. Ellison,^{54,§} J.E. Elias,^{60,†} J.T. Eltzroth,^{99,§} V.D. Elvira,^{60,§} R. Engelmann,^{89,§} E. Engels, Jr.,^{97,†} S. Eno,^{74,§,‡} R. Erbacher,^{60,†} W. Erdmann,^{60,†} P. Ermolov,^{38,§} O.V. Eroshin,^{39,§} D. Errede,^{65,†} S. Errede,^{65,†} J. Estrada,^{88,§} R. Eusebi,^{88,†} H. Evans,^{86,§} V.N. Evdokimov,^{39,§} Q. Fan,^{88,†} S. Farrington,^{42,†} R.G. Feild,^{56,†} T. Ferbel,^{88,§} J.P. Fernandez,^{68,†} C. Ferretti,^{81,†} R.D. Field,^{57,†} F. Filthaut,^{35,§} I. Fiori,^{25,†} H.E. Fisk,^{60,§} B. Flaugher,^{60,†} L.R. Flores-Castillo,^{97,†} M. Fortner,^{63,§} G.W. Foster,^{60,†} H. Fox,^{16,§} M. Franklin,^{77,†} J. Freeman,^{60,†} J. Friedman,^{78,†} H. Frisch,^{61,‡} S. Fu,^{86,§} S. Fuess,^{60,§} Y. Fukui,^{106,†} I. Furic,^{78,†} S. Galeotti,^{25,†} E. Gallas,^{60,§} M. Gallinaro,^{87,†} A.N. Galyaev,^{39,§} M. Gao,^{86,§} T. Gao,^{95,†} M. Garcia-Sciveres,^{49,†} A.F. Garfinkel,^{68,†} P. Gatti,^{24,†} V. Gavrilov,^{37,§} C. Gay,^{56,†} S. Geer,^{60,†} K. Genser,^{60,§} C.E. Gerber,^{62,§} D.W. Gerdes,^{81,†} Y. Gershtein,^{98,§} E. Gerstein,^{28,†} S. Giagu,^{26,†} P. Giannetti,^{25,†} G. Ginther,^{88,§} K. Giolo,^{68,†} M. Giordani,^{27,†} P. Giromini,^{23,†} V. Glagolev,^{36,†} D. Glenzinski,^{60,†} M. Gold,^{85,†} N. Goldschmidt,^{81,†} J. Goldstein,^{46,†} B. Gómez,^{7,§} G. Gomez,^{77,†,‡} M. Goncharov,^{100,†} P.I. Goncharov,^{39,§} A. Gordon,^{77,†} I. Gorelov,^{85,†} A.T. Goshaw,^{91,†} Y. Gotra,^{97,†} K. Goulianos,^{87,†} K. Gounder,^{60,§} A. Goussiou,^{67,§} P.D. Grannis,^{89,§,‡} C. Green,^{68,†} H. Greenlee,^{60,§} Z.D. Greenwood,^{72,§} A. Gresele,^{60,†} S. Grinstein,^{1,§} L. Groer,^{86,§} C. Grosso-Pilcher,^{61,†} S. Grünendahl,^{60,§} M.W. Grünewald,^{21,§,‡} M. Guenther,^{68,†} G. Guillian,^{81,†} J. Guimaraes da Costa,^{77,†} R.S. Guo,^{6,†} S.N. Gurzhiev,^{39,§} G. Gutierrez,^{60,§} P. Gutierrez,^{94,§} R.M. Haas,^{57,†} C. Haber,^{49,†} N.J. Hadley,^{74,§} E. Hafen,^{78,†} H. Haggerty,^{60,§} S. Hagopian,^{58,§} V. Hagopian,^{58,§} S.R. Hahn,^{60,†} E. Halkiadakis,^{88,†} C. Hall,^{77,†} R.E. Hall,^{51,§} C. Han,^{81,§} T. Handa,^{28,†} R. Handler,^{105,†} S. Hansen,^{60,§} W. Hao,^{102,†} F. Happacher,^{23,†} K. Hara,^{29,†} A.D. Hardman,^{68,†} R.M. Harris,^{60,†} F. Hartmann,^{17,†} K. Hatakeyama,^{87,†} J.M. Hauptman,^{69,§} J. Hauser,^{53,†} C. Hebert,^{70,§} D. Hedin,^{63,§} J. Heinrich,^{95,†} J.M. Heinmiller,^{62,§} A.P. Heinson,^{54,§} U. Heintz,^{75,§} A. Heiss,^{17,†} M. Hennecke,^{17,†} M. Herndon,^{73,†} M.D. Hildreth,^{67,§} C. Hill,^{55,†} R. Hirosky,^{103,§} J.D. Hobbs,^{89,§} A. Hocker,^{88,†} B. Hoeneisen,^{10,§} K.D. Hoffman,^{61,†} C. Holck,^{95,†} R. Hollebeek,^{95,†} L. Holloway,^{65,†} S. Hou,^{6,†} J. Huang,^{66,§}

Y. Huang,^{81,§} B.T. Huffman,^{46,†} R. Hughes,^{92,†} J. Huston,^{82,†} J. Huth,^{77,†} I. Iashvili,^{54,§} R. Illingworth,^{44,§} H. Ikeda,^{29,†} C. Issever,^{55,†} J. Incandela,^{55,†} G. Introzzi,^{25,†} M. Iori,^{26,†} A.S. Ito,^{60,§} A. Ivanov,^{88,†} J. Iwai,^{31,†} Y. Iwata,^{28,†} B. Iyutin,^{78,†} M. Jaffré,^{13,§} S. Jain,^{94,§} V. Jain,^{90,§} E. James,^{60,†} H. Jensen,^{60,†} R. Jesik,^{44,§} K. Johns,^{47,§} M. Johnson,^{60,§} A. Jonckheere,^{60,§} M. Jones,^{68,†} U. Joshi,^{60,†} H. Jöstlein,^{60,§} A. Juste,^{60,§} W. Kahl,^{71,§} S. Kahn,^{90,§} E. Kajfasz,^{12,§} A.M. Kalinin,^{36,§} H. Kambara,^{41,†} D. Karmanov,^{38,§} D. Karmgard,^{67,§} T. Kamon,^{100,†} T. Kaneko,^{29,†} J. Kang,^{81,†} M. Karagoz Unel,^{64,†} K. Karr,^{79,†} S. Kartal,^{60,†} H. Kasha,^{56,†} Y. Kato,^{30,†} T.A. Keaffaber,^{68,†} K. Kelley,^{78,†} M. Kelly,^{81,†} R. Kehoe,^{82,§} R.D. Kennedy,^{60,†} R. Kephart,^{60,†} S. Kesisoglou,^{98,§} A. Khanov,^{88,§} D. Khazins,^{91,†} A. Kharchilava,^{67,§} T. Kikuchi,^{29,†} B. Kilminster,^{88,†} B.J. Kim,^{32,†} D.H. Kim,^{32,†} H.S. Kim,^{65,†} M.J. Kim,^{96,†} S.B. Kim,^{32,†} S.H. Kim,^{29,†} T.H. Kim,^{78,†} Y.K. Kim,^{61,†,‡} M. Kirby,^{91,†} M. Kirk,^{80,†} L. Kirsch,^{80,†} B. Klima,^{60,§} S. Klimenko,^{57,†} P. Koehn,^{92,†} J.M. Kohli,^{18,§} K. Kondo,^{31,†} A. Kongeter,^{17,†} J. Konigsberg,^{57,†} K. Kordas,^{4,†} A. Korn,^{78,†} A. Korytov,^{57,†} A.V. Kostritskiy,^{39,§} J. Kotcher,^{90,§} B. Kothari,^{86,§} A.V. Kotwal,^{91,†,‡} E. Kovacs,^{59,†} A.V. Kozelov,^{39,§} E.A. Kozlovsky,^{39,§} J. Krane,^{69,§} M.R. Krishnaswamy,^{20,§} P. Krivkova,^{9,§} J. Kroll,^{95,†} M. Kruse,^{91,†} V. Krutelyov,^{100,†} S. Krzywdzinski,^{60,§} M. Kubantsev,^{71,§} S.E. Kuhlmann,^{59,†} S. Kuleshov,^{37,§} Y. Kulik,^{60,§,‡} S. Kunori,^{74,§} A. Kupco,^{8,§} K. Kurino,^{28,†} T. Kuwabara,^{29,†} V.E. Kuznetsov,^{54,§} N. Kuznetsova,^{60,†} A.T. Laasanen,^{68,†} N. Lai,^{61,†} S. Lami,^{87,†} S. Lammel,^{60,†} J.I. Lamoureux,^{80,†} J. Lancaster,^{91,†} M. Lancaster,^{45,†,‡} K. Lannon,^{92,†} R. Lander,^{50,†} G. Landsberg,^{98,§} A. Lath,^{84,†} G. Latino,^{85,†} T. LeCompte,^{59,†} A.M. Lee IV,^{91,†} Y. Le,^{73,†} J. Lee,^{88,†} K. Lee,^{102,†} S.W. Lee,^{100,†} W.M. Lee,^{58,§} A. Leflat,^{38,§} F. Lehner,^{60,§,∗} N. Leonardo,^{78,†} S. Leone,^{25,†} C. Leonidopoulos,^{86,§} J.D. Lewis,^{60,†} J. Li,^{99,§} K. Li,^{56,†} Q.Z. Li,^{60,§} J.G.R. Lima,^{63,§} C.S. Lin,^{60,†} D. Lincoln,^{60,§} M. Lindgren,^{53,†} S.L. Linn,^{58,§} J. Linnemann,^{82,§} R. Lipton,^{60,§} T.M. Liss,^{65,†} J.B. Liu,^{88,†} T. Liu,^{60,†} Y.C. Liu,^{6,†} D.O. Litvintsev,^{60,†} N.S. Lockyer,^{95,†} A. Loginov,^{37,†} J. Loken,^{46,†} M. Loreti,^{24,†} D. Lucchesi,^{24,†} L. Lueking,^{60,§} P. Lukens,^{60,†} C. Lundstedt,^{83,§} C. Luo,^{66,§} S. Lusin,^{105,†} L. Lyons,^{46,†} J. Lys,^{49,†} A.K.A. Maciel,^{63,§} R.J. Madaras,^{48,§,‡} R. Madrak,^{77,†} K. Maeshima,^{60,†} P. Maksimovic,^{73,†} L. Malferrari,^{22,†} V.L. Malyshev,^{36,§} V. Manankov,^{38,§} M. Mangano,^{25,†} G. Manca,^{46,†} H.S. Mao,^{5,§} M. Mariotti,^{24,†} T. Marshall,^{66,§} G. Martignon,^{24,†} A. Martin,^{56,†} M. Martin,^{73,†} M.I. Martin,^{63,§} V. Martin,^{64,†} M. Martínez,^{60,†} J.A.J. Matthews,^{85,†} S.E.K. Mattingly,^{98,§} J. Mayer,^{4,†} A.A. Mayorov,^{39,§} P. Mazzanti,^{22,†} R. McCarthy,^{89,§} K.S. McFarland,^{88,†} P. McIntyre,^{100,†} E. McKigney,^{95,†} T. McMahon,^{93,§} H.L. Melanson,^{60,§} A. Melnitchouk,^{98,§} M. Menguzzato,^{24,†} A. Menzione,^{25,†} P. Merkel,^{60,†} M. Merkin,^{38,§} K.W. Merritt,^{60,§} C. Mesropian,^{87,†} A. Meyer,^{60,†} C. Miao,^{98,§} T. Miao,^{60,†} H. Miettinen,^{101,§} D. Mihalcea,^{63,§} R. Miller,^{82,†} J.S. Miller,^{81,†} H. Minato,^{29,†} S. Miscetti,^{23,†} M. Mishina,^{106,†} G. Mitselmakher,^{57,†} N. Moggi,^{22,†} N. Mokhov,^{60,§} N.K. Mondal,^{20,§} H.E. Montgomery,^{60,§,‡} E. Moore,^{85,†} R. Moore,^{60,†} R.W. Moore,^{82,§} Y. Morita,^{106,†} T. Moulik,^{68,†} A. Mukherjee,^{60,†} M. Mulhearn,^{78,†} T. Muller,^{17,†} A. Munar,^{95,†} P. Murat,^{60,†} S. Murgia,^{82,†} M. Musy,^{27,†} Y.D. Mutaf,^{89,§} J. Nachtman,^{60,†} S. Nahn,^{56,†} H. Nakada,^{29,†} T. Nakaya,^{61,†} I. Nakano,^{28,†} R. Napora,^{73,†} E. Nagy,^{12,§} M. Narain,^{75,§} V.S. Narasimham,^{20,§} N.A. Naumann,^{35,§} H.A. Neal,^{81,§} J.P. Negret,^{7,§} C. Nelson,^{60,†} S. Nelson,^{58,§} T. Nelson,^{60,†} C. Neu,^{92,†} M.S. Neubauer,^{78,†} D. Neuberger,^{17,†} C. Newman-Holmes,^{60,†} C.-Y.P. Ngan,^{78,†} P. Nicolaidi,^{27,†} F. Niell,^{81,†} T. Nigmanov,^{97,†} H. Niu,^{80,†} L. Nodulman,^{59,†,‡} A. Nomerotski,^{60,§} T. Nunnemann,^{60,§} D. O’Neil,^{82,§} V. Oguri,^{3,§} S.H. Oh,^{91,†} Y.D. Oh,^{32,†} T. Ohmoto,^{28,†} T. Ohsugi,^{28,†} R. Oishi,^{29,†} T. Okusawa,^{30,†} J. Olsen,^{105,†} W. Orejudos,^{49,†} N. Oshima,^{60,§} P. Padley,^{101,§} C. Pagliarone,^{25,†} F. Palmonari,^{25,†} R. Paoletti,^{25,†} V. Papadimitriou,^{102,†} S.P. Pappas,^{56,†} N. Parashar,^{72,§,‡} D. Partos,^{80,†} R. Partridge,^{98,§} N. Parua,^{89,§} J. Patrick,^{60,†} A. Patwa,^{89,§} G. Pauletta,^{27,†} M. Paulini,^{96,†} T. Pauly,^{46,†} C. Paus,^{78,†} D. Pellett,^{50,†} A. Penzo,^{27,†} L. Pescara,^{24,†} O. Peters,^{34,§} P. Pétroff,^{13,§} T.J. Phillips,^{91,†} G. Piacentino,^{25,†} J. Piedra,^{40,†} R. Piegaia,^{1,§} K.T. Pitts,^{65,†} R. Plunkett,^{60,†} A. Pompoš,^{68,†} L. Pondrom,^{105,†} B.G. Pope,^{82,§} G. Pope,^{97,†} M. Popovic,^{4,†} O. Poukhov,^{36,†} T. Pratt,^{46,†} F. Prokoshin,^{36,†} H.B. Prosper,^{58,§} S. Protopopescu,^{90,§} J. Proudfoot,^{59,†} M.B. Przybycien,^{64,∗∗,§} F. Ptohos,^{23,†} O. Pukhov,^{36,†} G. Punzi,^{25,†} J. Qian,^{81,§} J. Rademacker,^{46,†} S. Rajagopalan,^{90,§} K. Ragan,^{4,†} A. Rakitine,^{78,†} P.A. Rapidis,^{60,§} F. Ratnikov,^{84,†} H. Ray,^{81,†} N.W. Reay,^{71,§} D. Reher,^{49,†} A. Reichold,^{46,†} P. Renton,^{46,†} M. Rescigno,^{26,†} S. Reucroft,^{76,§} M. Ridel,^{13,§} A. Ribon,^{24,†} W. Riegler,^{77,†} M. Rijssenbeek,^{89,§} F. Rimondi,^{22,†} L. Ristori,^{25,†} M. Riveline,^{4,†} F. Rizatdinova,^{71,§} W.J. Robertson,^{91,†} A. Robinson,^{4,†} T. Rockwell,^{82,§} T. Rodrigo,^{40,†} S. Rolli,^{79,†} L. Rosenson,^{78,†} R. Roser,^{60,†} R. Rossin,^{24,†} C. Rott,^{68,†} A. Roy,^{68,†} C. Royon,^{15,§} P. Rubinov,^{60,§} R. Ruchti,^{67,§} A. Ruiz,^{40,†} D. Ryan,^{79,†} B.M. Sabirov,^{36,§} A. Safonov,^{50,†} G. Sajot,^{11,§} R. St. Denis,^{42,†} W.K. Sakumoto,^{88,†} D. Saltzberg,^{53,†} C. Sanchez,^{92,†} A. Sansoni,^{23,†} L. Santi,^{27,†} A. Santoro,^{3,§} S. Sarkar,^{26,†} H. Sato,^{29,†} P. Savard,^{4,†} A. Savoy-Navarro,^{60,†} L. Sawyer,^{72,§} R.D. Schamberger,^{89,§} H. Schellman,^{64,§} P. Schlabach,^{60,†} E.E. Schmidt,^{60,†} M.P. Schmidt,^{56,†} M. Schmitt,^{64,†} A. Schwartzman,^{1,§} L. Scodellaro,^{24,†} A. Scott,^{53,†} A. Scribano,^{25,†} A. Sedov,^{68,†} S. Segler,^{60,†} S. Seidel,^{85,†} Y. Seiya,^{29,†} A. Semenov,^{36,†} F. Semeria,^{22,†} E. Shabalina,^{62,§} T. Shah,^{78,†} M.D. Shapiro,^{49,†} P.F. Shepard,^{97,†} T. Shibayama,^{29,†} M. Shimojima,^{29,†} R.K. Shivpuri,^{19,§} M. Shochet,^{61,†} D. Shpakov,^{76,§} M. Shupe,^{47,§} R.A. Sidwell,^{71,§} A. Sidoti,^{24,†} J. Siegrist,^{49,†} G. Signorelli,^{25,†} A. Sill,^{102,†} V. Simak,^{8,§} P. Sinervo,^{4,†} P. Singh,^{65,†} V. Sirotenko,^{60,§} P. Slattery,^{88,§} A.J. Slaughter,^{56,†} K. Sliwa,^{79,†} C. Smith,^{73,†} R.P. Smith,^{60,§} F.D. Snider,^{60,†} R. Snihur,^{45,†} G.R. Snow,^{83,§} J. Snow,^{93,§} S. Snyder,^{90,§} A. Solodsky,^{87,†} J. Solomon,^{62,§} Y. Song,^{99,§} V. Sorín,^{1,§} M. Sosebee,^{99,§} N. Sotnikova,^{38,§} K. Soustruznik,^{9,§} M. Souza,^{2,§} J. Spalding,^{60,†} T. Speer,^{41,†} M. Spezziga,^{102,†} P. Sphicas,^{78,†} F. Spinella,^{25,†}

M. Spiropulu,^{55,†} L. Spiegel,^{60,†} N.R. Stanton,^{71,§} A. Stefanini,^{25,†} G. Steinbrück,^{86,§,‡} D. Stoker,^{52,§} V. Stolin,^{37,§} A. Stone,^{62,§} D.A. Stoyanova,^{39,§} M.A. Strang,^{99,§} M. Strauss,^{94,§} J. Strologas,^{85,†} M. Strovink,^{48,§} F. Strumia,^{41,†} D. Stuart,^{55,†} L. Stutte,^{60,§} A. Sukhanov,^{57,†} K. Sumorok,^{78,†} T. Suzuki,^{29,†} A. Sznajder,^{3,§} T. Takano,^{30,†} R. Takashima,^{28,†} K. Takikawa,^{29,†} M. Talby,^{12,§} P. Tamburello,^{91,†} M. Tanaka,^{59,†} B. Tannenbaum,^{53,†} W. Taylor,^{89,§} M. Tecchio,^{81,†} R.J. Tesarek,^{60,†} P.K. Teng,^{6,†} S. Tentindo-Repond,^{58,§} K. Terashi,^{87,†} S. Tether,^{78,†} D. Theriot,^{60,†} J. Thom,^{60,†} A.S. Thompson,^{42,†} E. Thomson,^{92,†} R. Thurman-Keup,^{59,†} P. Tipton,^{88,†} S. Tkaczyk,^{60,†} D. Toback,^{100,†,‡} K. Tollefson,^{82,†} A. Tollestrup,^{60,†} D. Tonelli,^{25,†} M. Tönnesmann,^{82,†} H. Toyoda,^{30,†} T.G. Trippe,^{48,§} W. Trischuk,^{4,†} J.F. de Troconiz,^{77,†} J. Tseng,^{78,†} D. Tsybychev,^{57,†} A.S. Turcot,^{90,§} N. Turini,^{25,†} P.M. Tuts,^{86,§} F. Ukegawa,^{29,†} T. Unverhau,^{42,†} T. Vaiciulis,^{88,†} J. Valls,^{84,†} R. Van Kooten,^{66,§} V. Vaniev,^{39,§} N. Varelas,^{62,§} A. Varganov,^{81,†} E. Vataga,^{25,†} S. Vejcik III,^{60,†} G. Velev,^{60,†} G. Veramendi,^{49,†} R. Vidal,^{60,†} I. Vila,^{40,†} R. Vilar,^{40,†} F. Villeneuve-Seguier,^{12,§} A.A. Volkov,^{39,§} I. Volobouev,^{49,†} M. von der Mey,^{53,†} A.P. Vorobiev,^{39,§} D. Vucinic,^{78,†} R.G. Wagner,^{59,†} R.L. Wagner,^{60,†} W. Wagner,^{17,†} H.D. Wahl,^{58,§} J. Wahl,^‡ N.B. Wallace,^{84,†} A.M. Walsh,^{84,†} Z. Wan,^{84,†} C. Wang,^{91,†} C.H. Wang,^{6,†} M.J. Wang,^{6,†} S.M. Wang,^{57,†} Z.-M. Wang,^{89,§} J. Warchol,^{67,§} B. Ward,^{42,†} S. Waschke,^{42,†} T. Watanabe,^{29,†} D. Waters,^{45,†} G. Watts,^{104,§} T. Watts,^{84,†} M. Wayne,^{67,§} R. Webb,^{100,†} M. Weber,^{49,†} H. Weerts,^{82,§} H. Wenzel,^{17,†} W.C. Wester III,^{60,†} A. White,^{99,§} B. Whitehouse,^{79,†} D. Whiteson,^{48,§} A.B. Wicklund,^{59,†} E. Wicklund,^{60,†} D.A. Wijngaarden,^{35,§} H.H. Williams,^{95,†} P. Wilson,^{60,†} S. Willis,^{63,§} B.L. Winer,^{92,†} S.J. Wimpenny,^{54,§} D. Winn,^{81,†} S. Wolbers,^{60,†} D. Wolinski,^{81,†} J. Wolinski,^{82,†} S. Wolinski,^{81,†} M. Wolter,^{79,†} J. Womersley,^{60,§} D.R. Wood,^{76,§,‡} S. Worm,^{84,†} X. Wu,^{41,†} F. Würthwein,^{78,†} J. Wyss,^{78,†} Q. Xu,^{81,§,‡} R. Yamada,^{60,§} U.K. Yang,^{61,†} A. Yagil,^{60,†} W. Yao,^{49,†} T. Yasuda,^{60,§} Y.A. Yatsunenko,^{36,§} G.P. Yeh,^{60,†} P. Yeh,^{6,†} K. Yi,^{73,†} K. Yip,^{90,§} J. Yoh,^{60,†} C. Yosef,^{82,†} T. Yoshida,^{30,†} I. Yu,^{32,†} J. Yu,^{99,§} S. Yu,^{95,†} Z. Yu,^{56,†} J.C. Yun,^{60,†} M. Zanabria,^{7,§} L. Zanello,^{26,†} A. Zanetti,^{27,†} F. Zetti,^{49,†} X. Zhang,^{94,§} B. Zhou,^{81,§,‡} Z. Zhou,^{69,§} M. Zielinski,^{88,§} D. Zieminska,^{66,§} A. Zieminski,^{66,§} S. Zucchelli^{22,†} V. Zutshi,^{63,§} E.G. Zverev,^{38,§} and A. Zylberstejn^{15,§}

(^†CDF Collaboration) (^§DØ Collaboration) (^‡Tevatron Electroweak Working Group)

1Universidad de Buenos Aires, Buenos Aires, Argentina 2LAFEX, Centro Brasileiro de Pesquisas Físicas, Rio de Janeiro, Brazil 3Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil 4Institute of Particle Physics, McGill University, Montreal, Canada H3A 2T8, and University of Toronto, Toronto M5S 1A7, Canada 5Institute of High Energy Physics, Beijing, People’s Republic of China 6Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 7 Universidad de los Andes, Bogotá, Colombia 8Institute of Physics, Academy of Sciences, Center for Particle Physics, Prague, Czech Republic 9Charles University, Center for Particle Physics, Prague, Czech Republic 10Universidad San Francisco de Quito, Quito, Ecuador 11 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France 12 CPPM, IN2P3-CNRS, Université de la Méditerranée, Marseille, France 13Laboratoire de l’Accélérateur Linéaire, IN2P3-CNRS, Orsay, France 14 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France 15 DAPNIA/Service de Physique des Particules, CEA, Saclay, France 16Universität Freiburg, Physikalisches Institut, Freiburg, Germany 17Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany 18Panjab University, Chandigarh, India 19 Delhi University, Delhi, India 20Tata Institute of Fundamental Research, Mumbai, India 21 University College Dublin, Belfield, Dublin 4, Ireland 22Istituto Nazionale di Fisica Nucleare, University of Bologna,I-40127 Bologna, Italy 23 Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy 24 Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy 25Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, I-56100 Pisa, Italy 26 Instituto Nazionale de Fisica Nucleare, Sezione di Roma, University di Roma I, “La Sapienza,” I-00185 Roma, Italy 27 Istituto Nazionale di Fisica Nucleare, University of Trieste/Udine, Italy 28 Hiroshima University, Higashi-Hiroshima 724, Japan 29 University of Tsukuba, Tsukuba, Ibaraki 305, Japan 30 Osaka City University, Osaka 588, Japan 31 Waseda University, Tokyo 169, Japan

32 Center for High Energy Physics: Kyungpook National University, Taegu 702-701; Seoul National University, Seoul 151-742; and SungKyunKwan University, Suwon 440-746; Korea 33CINVESTAV, Mexico City, Mexico 34 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands 35University of Nijmegen/NIKHEF, Nijmegen, The Netherlands 36 Joint Institute for Nuclear Research, Dubna, Russia 37 Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 38 Moscow State University, Moscow, Russia 39Institute for High Energy Physics, Protvino, Russia 40 Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 41 University of Geneva, CH-1211 Geneva 4, Switzerland 42Glasgow University, Glasgow G12 8QQ, United Kingdom 43Lancaster University, Lancaster, United Kingdom 44 Imperial College, London, United Kingdom 45 University College London, London WC1E 6BT, United Kingdom 46University of Oxford, Oxford OX1 3RH, United Kingdom 47University of Arizona, Tucson, Arizona 85721 48 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720 49Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 50University of California at Davis, Davis, California 95616 51California State University, Fresno, California 93740 52University of California, Irvine, California 92697 53University of California at Los Angeles, Los Angeles, California 90024 54University of California, Riverside, California 92521 55University of California at Santa Barbara, Santa Barbara, California 93106 56 Yale University, New Haven, Connecticut 06520 57University of Florida, Gainesville, Florida 32611 58Florida State University, Tallahassee, Florida 32306 59Argonne National Laboratory, Argonne, Illinois 60439 60 Fermi National Accelerator Laboratory, Batavia, Illinois 60510 61 Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 62University of Illinois at Chicago, Chicago, Illinois 60607 63Northern Illinois University, DeKalb, Illinois 60115 64Northwestern University, Evanston, Illinois 60208 65 University of Illinois, Urbana, Illinois 61801 66 Indiana University, Bloomington, Indiana 47405 67 University of Notre Dame, Notre Dame, Indiana 46556 68 Purdue University, West Lafayette, Indiana 47907 69 Iowa State University, Ames, Iowa 50011 70University of Kansas, Lawrence, Kansas 66045 71Kansas State University, Manhattan, Kansas 66506 72Louisiana Tech University, Ruston, Louisiana 71272 73The Johns Hopkins University, Baltimore, Maryland 21218 74University of Maryland, College Park, Maryland 20742 75 Boston University, Boston, Massachusetts 02215 76 Northeastern University, Boston, Massachusetts 02115 77 Harvard University, Cambridge, Massachusetts 02138 78Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 79 Tufts University, Medford, Massachusetts 02155 80 Brandeis University, Waltham, Massachusetts 02254 81University of Michigan, Ann Arbor, Michigan 48109 82 Michigan State University, East Lansing, Michigan 48824 83University of Nebraska, Lincoln, Nebraska 68588 84 Rutgers University, Piscataway, New Jersey 08855 85University of New Mexico, Albuquerque, New Mexico 87131 86Columbia University, New York, New York 10027 87 Rockefeller University, New York, New York 10021 88University of Rochester, Rochester, New York 14627 89 State University of New York, Stony Brook, New York 11794 90 Brookhaven National Laboratory, Upton, New York 11973

91 Duke University, Durham, North Carolina 27708 92 The Ohio State University, Columbus, Ohio 43210 93 Langston University, Langston, Oklahoma 73050 94 University of Oklahoma, Norman, Oklahoma 73019 95 University of Pennsylvania, Philadelphia, Pennsylvania 19104 96 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 97 University of Pittsburgh, Pittsburgh, Pennsylvania 15260 98 Brown University, Providence, Rhode Island 02912 99 University of Texas, Arlington, Texas 76019 100 Texas A&M University, College Station, Texas 77843 101Rice University, Houston, Texas 77005 102 Texas Tech University, Lubbock, Texas 79409 103 University of Virginia, Charlottesville, Virginia 22901 104 University of Washington, Seattle, Washington 98195 105 University of Wisconsin, Madison, Wisconsin 53706 106 High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan

September 17, 2004

The results based on 1992-95 data (Run 1) from the CDF and DØ experiments on the measurements of the W boson mass and width are presented, along with the combined results. We report a Tevatron collider average MW = 80.456 ± 0.059 GeV. We also report the Tevatron collider average of the directly measured W boson width ΓW = 2.115 ± 0.105 GeV. We describe a new joint analysis of the direct W mass and width measurements. Assuming the validity of the standard model, we combine the directly measured W boson width with the width extracted from the ratio of W and Z boson leptonic partial cross sections. This combined result for the Tevatron is ΓW = 2.135 ± 0.050 GeV. Finally, we use the measurements of the direct total W width and the leptonic branching ratio to extract the leptonic partial width Γ(W → eν) = 224 ± 13 MeV.

I. INTRODUCTION

We present new combined results on the W boson mass and width from the CDF and DØ experiments at the Fermilab Tevatron. We document the combination methodologies and summarize the results and the various sources of uncertainty, identifying those sources that produce correlated uncertainty between the two experiments’ results. We also present the combination with the UA2 and LEP results. These measurements represent some of the main goals of the electroweak physics program at the Tevatron collider.

The W boson mass and width are important parameters in the electroweak gauge sector of the standard model(SM) [1]. The W boson, along with the Z boson and the photon, provides a unified description of the electroweak interaction as a gauge interaction with the symmetry group SU (2)_L × U (1). If this were an unbroken symmetry, the W and Z bosons would be massless. The mass of the W boson and its couplings, which determine its width, are therefore of substantial relevance to tests of the structure of the theory and the nature of electroweak symmetry breaking.

In the SM the W boson mass is related to other parameters, and in the “on shell” scheme [2] it can be written as

M_W = ( πα √ 2G_F ) 1_2 M_Z √ M^2_Z − M^2_W √ 1 − Δr , (1)

where α is the electromagnetic coupling constant and G_F is Fermi coupling constant measured in muon decay. The electroweak radiative correction Δr receives calculable contributions from loops containing the t − b quarks, the Higgs boson (which is the hypothetical agent of electroweak symmetry breaking), and any other hypothetical particles such as supersymmetric particles coupling to the W boson. Since the top quark mass has been measured [3,4], the t − b loop correction can be calculated. A precise measurement of the W boson mass therefore constrains the mass of the Higgs boson, which has not yet been experimentally observed. Should the Higgs boson be discovered in the future, the comparison between its directly measured mass and the indirect constraint will be a very interesting test of the SM. In the minimal supersymmetric extension of the standard model (MSSM), for example, loop corrections due to supersymmetric particles can contribute up to 250 MeV [5] to the predicted W boson mass. 5

In the SM W bosons decay leptonically: W → lν where l ∈ {e, μ, τ }, or hadronically: W → q^′q̄, where q, q^′ ∈ {u, d, c, s, b}. The leptonic partial width can be calculated [6] : Γ(W → eν) = G_F M^3_W 6 √ 2π (1 + δ) , (2)

where the SM radiative correction δ is calculated to be less than 0.5%. Including the QCD radiative corrections for the quark decay channels, the SM prediction for the leptonic branching ratio [7] is: B(W → eν) = ( 3 + 6 [ 1 + α_s(M_W )/π + O(α^2_s) ] )_{−1} . (3)

Given the precision of these SM calculations, their comparison with the measured W boson width provides an important test of the SM.

The precision of the W boson mass and width measurements from the LEP experiments (ALEPH, DELPHI, L3 and OPAL) and the Tevatron collider experiments (CDF and DØ) is similar, implying that our best knowledge comes from the combined results of all these experiments. The measurements are quite intricate with many inputs and incorporate constraints from data and physics models. In this situation a simple average of all measurements, with the assumption that they are completely independent, may be biased in the value or the uncertainty.

In this paper we present systematic analyses of the W mass and width measurements published by the CDF and DØ experiments at Fermilab. Following a brief description of the observables in Section II, we discuss our methodology and calculations. In Section III, we consider the W boson mass as the parameter of interest and consider all other parameters needed for its measurement as external inputs, including the W width. We review the uncertainties on these external parameters as described in the respective CDF and DØ publications, identifying the relevant correlations. This information is used to construct the covariance matrix for combining the W mass measurements.

In Section IV, we perform the same analysis for the direct measurement of the W boson width. This is again a one-parameter analysis, where in particular the W mass is treated as an external input.

In Section V, we present a new methodology for treating the W boson mass and width simultaneously in a twoparameter analysis. This method departs from the previously published results in that no external information is used for either of these parameters. This has two significant advantages over the one-parameter analyses that are usually performed: (i) theoretical model dependence is reduced, making the results more meaningful and easier to interpret, and (ii) correlation with other methods of measuring the W mass and width is reduced, making subsequent comparisons and combinations more powerful. We also demonstrate that the joint two-parameter analysis results in no loss of precision, compared to the separate one-parameter analyses of the W mass and width.

In Section VI, we review the analyses of the ratio (R) of W and Z boson cross sections in the leptonic channels, as published by the CDF and DØ collaborations. With some SM assumptions and measured inputs, this ratio can be converted into a measurement of the leptonic branching ratio of the W boson, and further into a measurement of the W boson width. We present an analysis of the correlated uncertainties and the external inputs used to extract the W width. Assumptions made in the extraction of the W width from R are compared and contrasted with the direct lineshape measurement in Section II.

We conclude the paper with Section VII, discussing future implementations of the methodologies presented here. We suggest certain additional information that can be published by the individual collaborations regarding details of their analyses. We also mention those aspects where the collaborations may adopt analysis practices that are more consistent with each other. We hope that these comments will be useful for future efforts.

II. TEVATRON OBSERVABLES

We summarize here the observables described by CDF and DØ in their respective publications [8–14]. The directly measured W boson mass and width [8–11] correspond to the pole mass M_W and pole width Γ_W in the Breit-Wigner line shape with energy-dependent width, as defined by the differential cross section dσ dQ = L_{qq̄}(Q)

Q^2 (Q^2 − M^2_W )^2 + Q^4Γ^2_W /M^2_W

, (4)

where Q is the center-of-mass energy of the annihilating partons. L_{qq̄} (Q) represents the partonic luminosity in hadron-hadron collisions

L_{qq̄}(Q) = 2Q s ∑ i,j ∫_1 Q^2 /s dx x f_i(x, Q^2)f_j (Q^2/sx, Q^2) , (5) where i and j represent parton flavors, f_{i,j} represent the respective parton distribution functions, x is the momentum fraction of the parton, and √ s is the hadron-hadron center-of-mass energy.

The W decay channels used for these measurements [8–11] are the eν channel (by CDF and DØ) and the μν channel (by CDF). The W boson mass and width are extracted by analyzing the Jacobian edge and the high mass tail respectively of the transverse mass (m_T ) distribution

m_T (l^±ν) = √ 2 p_T (l^±) p_T (ν) (1 − cos (ϕ(l^±) − ϕ(ν))) , (6)

where p_T and ϕ represent the transverse momentum and azimuthal angle respectively of the leptons. DØ has also measured the W boson mass by analyzing the Jacobian edge in the electron and neutrino p_T distributions. The CDF result for the W boson mass is quoted using the m_T fit, while the DØ result combines the m_T fit and the lepton p_T fits taking the correlations into account.

The W boson width is also extracted [12–14] from the measured ratio of partial cross sections R ≡ σ_W · B(W → eν) σ_Z · B(Z → ee) = σ_W σ_Z Γ_Z Γ(Z → ee) Γ(W → eν) Γ_W (7) by using as inputs the calculated ratio of total cross sections, the measured Z → ee branching ratio from LEP and the SM calculation of the partial width Γ(W → eν).

Eqn. 4 gives the differential cross section for the W Drell-Yan process. The extraction of M_W and Γ_W using Eqn. 4 assumes the following:

1. the W boson propagator can be described by the relativistic Breit-Wigner distribution in quantum field theory, and 2. the production of W bosons in hadron-hadron collisions can be described by a factorizable process, with no additional interactions between the initial and final states. Since the leptonic final states are used for the measurements, there is no strong interaction between the initial state and the final state. Electroweak corrections are considered in the analyses. Higher twist effects, which in principle alter the effective partonic luminosity factor L_{qq̄}(Q), are in practice negligible for Q^2 = M^2_W .

3. backgrounds to the W Drell-Yan process from W W , W Z and tt̄ production are small; in practice, these rare processes are further suppressed by analysis selection cuts and produce essentially no contamination.

In addition to the above, the extraction of B(W → eν) and from R assumes that the W and Z boson couplings to the leptons and light quarks are known, so that the inclusive cross section ratio σ_W /σ_Z can be calculated. The Z boson leptonic branching ratio is well-measured at LEP. Uncertainties associated with σ_W /σ_Z are discussed in Section VI.

III. W BOSON MASS

The Run 1 W boson mass measurements from CDF [8] and DØ [9] are

M_W = 80.433 ± 0.079 GeV (CDF) , M_W = 80.483 ± 0.084 GeV (DØ) . (8)

We discuss the sources of uncertainty and classify them as being either uncorrelated between the two experimental results, or (partially or completely) correlated.

A. Uncorrelated Uncertainties

The measurement and analysis techniques used by both experiments rely extensively on internal calibration and collider data to measure detector response and constrain theoretical model inputs. The bulk of the uncertainty is therefore uncorrelated. We itemize the uncorrelated sources below. The following discussion also applies to the uncorrelated uncertainties in the direct measurement of the W boson width (see Section IV).

• W statistics in the kinematic distributions used for the mass fits.

• Detector energy response and resolution measured using resonances (Z, J/ψ, Υ and π^0). Model uncertainty from resonance line shapes is negligible. These data are used for the calibration of lepton energy response (calorimetry and tracking for electrons and tracking for muons). The Z data are also used for calibrating the calorimeter response to the hadronic activity recoiling against the vector boson. In the CDF analysis, the lepton response and resolution and the hadronic recoil are modelled by empirical functions whose parameters are constrained independently for the electron and muon channel. Therefore in the internal CDF combination of these measurements, uncertainties in the lepton and recoil models are uncorrelated between channels. DØ performs independent empirical fits to their data which are uncorrelated with CDF fits.

• Selection biases and backgrounds are unique to each experiment and are measured mostly from collider data, with some input from detector simulation for estimating selection bias. These uncertainties are uncorrelated between the CDF electron and muon channel measurements. CDF has no selection bias for electrons (in contrast with DØ) because the selection cuts rely more heavily on tracking rather than calorimeter isolation, and because of a more inclusive W → eν triggering scheme.

• The distribution of the transverse momentum (p_T ) of the W boson is a model input, which each experiment constrains individually by fitting the Z boson p_T distribution. Phenomenological models such as that of Ellis, Ross and Veseli [15] or that of Ladinsky and Yuan [16] are treated as empirical functions which, after folding in the detector response, adequately describe the observed p_T (Z) distribution. The p_T distribution is specified by model parameters along with Λ_{QCD} and the parton distribution functions (PDFs). The uncertainty is dominated by Z statistics, with small dependence on the PDFs and Λ_{QCD}. The latter introduces a small correlation between the two experiments which can be neglected at this level^1. A potentially correlated uncertainty in the theoretical relationship between the W boson and the Z boson p_T spectra is assumed to be negligible. There is a small (3 MeV) correlated component in the p_T (W ) uncertainty between the CDF electron and muon channel results.

• The sources of background are Z → ll where one of the leptons is lost, W → τ ν → e/μ + νν̄ν, and misidentified QCD jet events. The Z → ll background is estimated using individual detector simulations. The uncertainty on the W → τ ν → e/μ + νν̄ν background is negligible. The jet misidentification background is estimated by using loosely defined lepton data samples which enhances the background contribution (DØ), or by selecting lepton candidates that fail quality cuts (CDF). While the techniques are similar in principle they differ in detail. CDF has also confirmed the jet misidentification background estimate using a photon conversion sample. The background uncertainties and cross-checks are statistics-limited and therefore independent.

Table I shows the contributions to the uncertainty which are uncorrelated between the CDF and DØ measurements, taken from the respective publications [8,9] of the 1994-95 data as examples. All of these uncertainties should reduce in the future with more data, as the detector simulation and production/decay model is tuned with higher precision, and backgrounds are reduced with tighter cuts.

TABLE I. Uncorrelated uncertainties (MeV) in the CDF [8] and DØ [9] W boson mass measurements from the 1994-95 (Run 1b) data. W boson decay channels used (e, μ) are listed separately.

Source CDF μ CDF e DØ e W statistics 100 65 60 Lepton scale 85 75 56 Lepton resolution 20 25 19 pT (W ) 20 15 15 Recoil model 35 37 35 Selection bias 18 - 12 Backgrounds 25 5 9

1Individual sources of uncertainty below about 3 MeV are typically not enumerated by the CDF and DØ experiments when the results are reported.

B. Correlated Uncertainties

Sources of correlated uncertainty are associated with the modeling of W production and decay, which we itemize below. The uncertainties are fully correlated between CDF and DØ, with possibly different magnitudes.

• The W boson kinematic distributions used in the fits are invariant under longitudinal boosts because they are derived from transverse quantities. The sensitivity to the PDFs arises because of acceptance cuts on the charged lepton rapidity. As the rapidity acceptance increases the sensitivity to PDFs reduces. The DØ W boson mass measurement includes electrons up to pseudorapidity |η| < 2.5, and the CDF measurement includes electrons and muons up to |η| < 1.0. The PDF uncertainty is correlated but different for the two measurements.

• The Breit-Wigner line shape has an uncertainty due to the variation in the mass dependence of the partonic luminosity. This is a small contribution which DØ quotes separately, but CDF subsumes into the overall PDF uncertainty.

• QED radiative corrections in leptonic W boson decays are evaluated by both experiments using the Berends and Kleiss [17] calculation. The uncertainty is evaluated by comparing to the PHOTOS [18] program and/or the calculation of Baur et al. [19]. The higher order QED effects have a different impact on the electron and muon channel measurements from CDF and the electron measurement from DØ due to differences in energy measurement techniques. We find that in the combined electron and muon channel result of CDF, the effective uncertainty due to QED radiative corrections is 11 MeV. This contribution is fully correlated with the corresponding uncertainty in the DØ result.

• The W width input into the W boson mass measurement is provided differently by CDF and DØ. CDF uses the SM prediction for Γ_W for the fitted value of M_W and the resulting uncertainty is negligible. DØ uses the indirect measurement of the W width which is extracted from the DØ measurement of the ratio σ(W → eν)/σ(Z → ee). Since the line-shape fits performed by CDF and DØ for the W mass are sensitive to the assumed W width, we require that both experimental results use a consistent treatment of the uncertainty associated with the width input. For the purpose of combining the results, we take the 10 MeV uncertainty quoted by DØ to be the correlated error.

Table II shows the correlated systematic uncertainties, taken from [8] and [9] respectively.

TABLE II. Systematic uncertainties (MeV) from correlated sources in the W boson mass measurements [8,9].

Source CDF DØ PDF & parton luminosity 15 7 ⊕ 4 Radiative Corrections 11 12 ΓW 10 10

C. Combination of Results

We use the Best Linear Unbiased Estimate [20] method, which is also used in [9], to construct the covariance matrix between the CDF and DØ measurements. For each source of correlated error, we construct a 2-component vector δ_i ⃗M_W whose components are the individual uncertainties quoted in Table II, i.e. δ_i ⃗M_W = (δ_iM^{CDF}_W , δ_iM^{DØ}_W ) for the i^{th} source of uncertainty. The contribution to the covariance matrix from each source is given by V_i = δ_i ⃗M_W (δ_i ⃗M_W )^T , where T indicates the transpose. The various sources of error are assumed to be uncorrelated with each other, hence we add the individual covariance matrices V_i to obtain V = ∑ i V_i. This procedure gives us the off-diagonal term in the total covariance matrix V . The diagonal terms are obtained from the square of each measurement’s total error. The square root of the off-diagonal covariance matrix element √ V_{12} gives the total correlated error between the CDF and DØ measurements of 19 MeV. The correlation coefficient, defined by V_{12}/ √ V_{11}V_{23}, is 19^2/(79 × 84) = 0.054.

The combined W mass M_W for the set of two W mass measurements m_i and their covariance matrix V is given by

M_W = ( 2∑ i,j=1 H_{ij} m_j ) / ( 2∑ i,j=1 H_{ij} ) , (9) where H ≡ V^{−1} and i, j run over the two W mass measurements being combined. The combined error is given by

σ(M_W ) = ( 2∑ i,j=1 H_{ij} )^{−1/2} , (10)

and the χ^2 for the combination is given by

χ^2 = 2∑ i,j=1 (m_i − M_W ) H_{ij} (m_j − M_W ) . (11)

Using this procedure, we obtain the combined result for the Tevatron collider

M^{Tevatron}

W = 80.456 ± 0.059 GeV , (12)

with χ^2 = 0.2 and probability of 66%.

We note that the various W mass measurements from DØ are internally combined by DØ [9] using the same technique that we describe above. CDF combines its internal measurements [8] using a slightly different formulation, where the measurements are combined using only the uncorrelated errors, and then the correlated errors are added in quadrature. When the correlated errors are small with positive correlation coefficients, as we have here, the two formulations give very similar results.

The result of Eqn. 12 is not very different from a simple average ignoring all correlations (80.456 ± 0.057 GeV). This is due to the uncertainties being dominated by the uncorrelated components. As mentioned before, the uncorrelated sources of uncertainty will reduce with higher statistics. Therefore correlated theoretical errors such as QED radiative corrections may dominate in the future, in which case the error analysis we have presented here becomes more important.

The combination of the Tevatron collider average with the UA2 measurement [21] of

M^{UA2}_W = 80.36 ± 0.37 GeV (13)

with a common uncertainty of 19 MeV yields

M^{pp̄}_W = 80.454 ± 0.059 GeV . (14)

Here we have taken the correlated component of the uncertainty between CDF and DØ as being fully correlated with the UA2 result, since all three hadron collider measurements are sensitive to the PDFs, QED radiative corrections and W width in much the same way.

Further combination with the preliminary LEP average [22] of

M^{LEP}_W = 80.412 ± 0.042 GeV (15)

assuming no correlated uncertainty gives

M^{world}_W = 80.426 ± 0.034 GeV (16)

as the preliminary world average (with χ^2 = 0.34 and 56% probability). Figure 1 shows the W boson mass results, compared with the indirect value of 80.380 ± 0.023 GeV. The latter is obtained from a fit to all Z-pole data and the direct top mass measurements [22], as interpreted in the context of the SM.

IV. W BOSON WIDTH

The direct measurement of the W boson width is made by analyzing W boson candidate events with transverse mass above the Jacobian peak, which occurs for m_T ∼ 80 GeV. The fitting range extends roughly between 100 GeV and 200 GeV, where the resolution effects from the Jacobian peak are small. The W boson width analysis shares most of the issues of W production and decay modeling and the detector response with the W boson mass analysis, and the sources of uncertainty are therefore similar.

As with the W boson mass analysis, the model parameters are constrained by analysis of internal data by each experiment separately. Therefore most of the uncertainties (shown in Table III for the 1994-95 data [10,11] as examples) are uncorrelated. These uncertainties are also uncorrelated between the CDF electron and muon channel results.

The correlated sources of uncertainty are

FIG. 1. Direct measurements of the W boson mass compared with the SM prediction [22] based on a fit to all Z-pole data and the direct top mass measurements.

TABLE III. Uncorrelated uncertainties (MeV) in the CDF [10] and DØ [11] W boson width measurements from the 1994-95 (Run 1b) data. W boson decay channels used (e, μ) are listed separately.

Source CDF μ CDF e DØ e W statistics 195 125 142 Lepton energy scale 15 20 42 Lepton E or pT non-linearity 5 60 - Recoil model 90 60 59 pT (W ) 70 55 12 Backgrounds 50 30 42 Detector modeling, lepton ID 40 30 10 Lepton resolution 20 10 27 Parton luminosity slope - - 28

• Parton distribution functions - the CDF and DØ analyses used different sets of PDFs to evaluate this uncertainty and quote different contributions. The W boson acceptance is similar in the direct measurements of the W boson width since both experiments require lepton p_T > 20 GeV and |η| < 1.

• W boson mass

• QED radiative corrections

The Run 1 direct W boson width measurements from CDF [10] and DØ [11] are

Γ_W = 2.05 ± 0.13 GeV (CDF) , Γ_W = 2.231^{+0.175}_{−0.170} GeV (DØ) , (17)

where the total uncertainty is quoted. The correlated uncertainties for the two measurements are shown in Table IV. The likelihood fit returns a slightly asymmetric statistical error for the DØ result. We symmetrize it by taking the arithmetic average and combine in quadrature with the total systematic uncertainty to obtain a total uncertainty of 173 MeV for the DØ result. We use the procedure described in Section III C to construct the covariance matrix, and

TABLE IV. Systematic uncertainties (MeV) from correlated sources in the direct W boson width measurements [10,11].

Source CDF DØ PDF 15 27 Radiative Corrections 10 10 W boson mass 10 15

use it to obtain the combined result

Γ^{Tevatron}

W = 2.115 ± 0.105 GeV , (18)

with χ^2 = 0.7 and probability of 40%. The square root of the off-diagonal covariance matrix element gives the total correlated error of 26 MeV and a correlation coefficient of 0.03. As in the case of the W mass combination, the uncorrelated errors dominate with the current statistics, and ignoring the correlation would produce a similar result (2.115 ± 0.104 GeV). However, in Run 2 at the Tevatron, which is expected to increase the statistics by a factor of ∼ 20, the correlated uncertainties on the theoretical inputs may dominate.

Combination of the Tevatron average with the preliminary LEP average [22] of

Γ^{LEP}_W = 2.150 ± 0.091 GeV (19)

assuming no correlated uncertainty gives

Γ^{world}_W = 2.135 ± 0.069 GeV (20)

as the preliminary world average (with χ^2 = 0.063). Figure 2 shows the W boson width results, compared with the SM prediction of 2.0927 ± 0.0025 GeV [23].

FIG. 2. Direct measurements of the W boson width compared with the SM prediction [23].

V. JOINT ANALYSIS OF W BOSON MASS AND WIDTH

In this section we describe the analysis for the joint direct measurement of the W boson mass and the width. We do not allow external constraints on the mass and width parameters: instead we propagate the uncertainties on the direct observables to the uncertainties on the extracted Breit-Wigner parameters. This procedure will give us the values and uncertainties on M_W and Γ_W extracted from “Tevatron data only”, as well as their covariance.

We introduce the following terminology to distinguish between the observables called M_W and Γ_W (which are returned by the fits to the data spectra) and the Breit-Wigner parameters of the same names (which we want to extract). We define the vector of observables ⃗o = (M^o_W , Γ^o_W ) and the vector of Breit-Wigner parameters ⃗t = (M^t_W , Γ^t_W ). We approximate the functional dependence ⃗o ( ⃗t ) by a linear dependence, so that ⃗o and ⃗t are related by a linear transformation. For the error analysis, we are interested in transforming the variations in ⃗o to variations in ⃗t. This transformation is given by the matrix of derivatives Δ ≡ ∂⃗o/∂⃗t, such that δ⃗o = Δ δ⃗t . (21) The matrix of derivatives Δ is defined as

Δ = ∂M^o_W ∂M^t_W ∂M^o_W ∂Γ^t_W ∂Γ^o_W ∂M^t_W ∂Γ^o_W ∂Γ^t_W . (22)

The values of the matrix elements of Δ have been published by the CDF and DØ collaborations, using their Monte Carlo simulation programs [9–11]. These simulation programs generate W bosons according to the calculated mass, rapidity and p_T distributions, generate the decay products according to calculated angular distributions, and subject them to parameterized detector response functions. The simulated decay leptons are used to predict the distributions of the observables in the data.

The simulation and fitting programs demonstrate that the diagonal elements of Δ are unity. The off-diagonal element^{∂M oW}_{∂ΓtW} is given by^2 the 10 MeV variation in observed M_W due to a 60 MeV variation in Γ^t_W [9]. The off-

diagonal element^{∂ΓoW}_{∂M tW} is given by the mean variation of 13 MeV^3 in observed Γ_W for a 39 MeV variation in M^t_W [10,11]. Thus Δ is reported by CDF and DØ to be Δ = ( 1 0.17 0.33 1 ) . (23)

We invert Eqn. 21 to obtain Δ^{−1} δ⃗o = δ⃗t and take the expectation value of the product of each vector and its transpose

Δ^{−1} < δ⃗o (δ⃗o)^T > (Δ^{−1})^T = < δ⃗t (δ⃗t)^T > , (24)

where T denotes the transpose and < ... > denotes the expectation value. The left-hand-side of Eqn. 24 contains the covariance matrix of the observables < δ⃗o (δ⃗o)^T >, and we identify the right-hand-side with the covariance matrix of the extracted Breit-Wigner parameters.

The diagonal elements of < δ⃗o (δ⃗o)^T > are given by the variances of the individual Tevatron averages of the direct W boson mass and width (see Eqns. 12 and 18), excluding the error contribution to M_W due to Γ_W and viceversa. In order to evaluate the off-diagonal matrix element, we analyze the various contributions to the respective variances. The observables are obtained from fits to disjoint data samples^4, so that their statistical uncertainties are uncorrelated. However, the observed values of M_W and Γ_W depend on the same detector parameters (such as energy scales and resolutions) and the same theoretical parameters (such as parton distribution functions and QED radiative corrections). Hence the uncertainties in these “nuisance” parameters propagate into correlated uncertainties between the observables.

2We use the value of the derivative quoted by D0, since CDF does not quote it. We assume that the same derivative would apply for both experiments since the W boson kinematics and experimental resolutions are similar. 3The uncertainty in ΓW due to MW is quoted as 10 MeV and 15 MeV by CDF and DØ respectively, which are consistent with being equal given that both experiments round the quoted systematics to the nearest 5 MeV due to Monte Carlo statistics. The kinematics and acceptance for both experiments are very similar, hence we expect the true sensitivity to be the same, for which our best estimate is their average of 13 MeV.

4The W mass fits are performed with the data satisfying mT < 90 GeV or lepton pT < 50 GeV, while the fits for the W width are performed with data satisfying mT > 100 GeV.

To compute the off-diagonal term, we evaluate the uncertainty contribution to the observed M_W and Γ_W due to each of these nuisance parameters. The following procedure is followed: (i) remove the respective contribution from the CDF and DØ results separately, by setting each to zero, (ii) recompute the total error on the CDF+DØ average, and (iii) take the difference in quadrature between the original total error and the reduced total error. Table V shows the uncertainty contributions from each source to the CDF+DØ averages.

In the above procedure, we have followed the same assumption that is made by CDF and DØ in their publications - that the sources of uncertainty listed in Table V are mutually independent. This is a valid assumption given the statistics of these data. The lepton energy scale and resolution are derived from the observed peak position and width of the Z boson mass distribution, which are essentially decoupled. The p_T (W ) uncertainty is dominated by the statistical error of the p_T (Z → ll) measurement, although this may change in the future. The recoil model is tuned using transverse momentum balance in p_T (Z → ll) events, where the lepton resolution is a small effect compared to the recoil resolution.

TABLE V. Correlated uncertainties (MeV) between the CDF+DØ averages of MW and direct ΓW , due to nuisance parameters.

Source MW ΓW Lepton scale 37 17 Lepton resolution 12 11 pT (W ) 9 24 Recoil model 20 35 Detector modeling, selection bias 6 13 QED radiative correction 11 10

We use the information from Table V to evaluate the covariance term

< δM^o_W δΓ^o_W > = ∑ i δ_iM^o_W δ_iΓ^o_W , (25)

where the sum is performed over the various sources in Table V, and δ_iM^o_W and δ_iΓ^o_W are the respective error contributions to M^o_W and Γ^o_W from source i. In this sum, the relative sign of each pair of factors δ_iM^o_W and δ_iΓ^o_W determines the sign of the covariance contribution. The W mass and width analyses were performed by each experiment in a closely related manner, using the same simulation programs for both analyses. The uncertainty contributions due to the nuisance parameters are completely correlated between the observed M_W and Γ_W . Therefore δ_iM^o_W and δ_iΓ^o_W have the same sign in all cases. To illustrate, in the cases of the lepton energy scale, lepton energy resolution, p_T (W ) and recoil modeling, an increase in the respective parameter increases the observed values of both M_W and Γ_W . Similarly, in the cases of detector modeling, selection bias and QED radiative correction, the bias in the shape of the m_T or lepton p_T spectrum affects both observables in the same direction.

TABLE VI. Uncorrelated systematic uncertainties (MeV) between the CDF+DØ averages of MW and direct ΓW .

Source MW ΓW Backgrounds 6 21 PDF, parton luminosity 12 22

Table VI shows the systematic error contributions due to PDFs and backgrounds. We do not expect a strong correlation between the error contributions to the observed mass and width from these sources, because the observables are derived from different ranges in m_T . Thus, in the case of the PDFs, a different x range is relevant in each case. Furthermore, in the case of the W mass, the uncertainty in the PDFs propagates mainly through acceptance effects, while in the case of the W width, the main effect is through the relative normalization of the high and low m_T regions. In the case of backgrounds, QCD jet misidentification produces the dominant background whose shape is determined independently in the different m_T regions. The sensitivity to the background shape and normalization is different in the fits for the mass and the width, since the shapes of the signal distributions are very different in the respective fitting windows. On the basis of these arguments, we take the contributions in Table VI to be uncorrelated. They are not used directly in this joint error analysis; we present them here for completeness and future reference.

Evaluating Eqn. 25, we find < δM^o_W δΓ^o_W > = 43^2 MeV^2, and the covariance matrix for M^o_W and Γ^o_W is

< δ⃗o (δ⃗o)^T > = ( (59^2 − 10^2) MeV^2 43^2 MeV^2 43^2 MeV^2 (105^2 − 13^2) MeV^2 ) , (26)

where the removal of the 10 (13) MeV systematic on the individual measurement of M_W (Γ_W ) due to Γ_W (M_W ) variation is shown explicitly. Substituting this result and Δ into Eqn. 24 gives the covariance matrix for the extracted Breit-Wigner parameters M^t_W and Γ^t_W : < δ⃗t (δ⃗t)^T > = ( (59 MeV)^2 −(33 MeV)^2 −(33 MeV)^2 (106 MeV)^2 ) . (27)

The negative sign of the covariance between M^t_W and Γ^t_W can be understood as follows: a higher value of the Breit-Wigner pole mass increases the predicted number of events at high m_T , causing the inferred Γ^t_W to reduce (given the number of observed events at high m_T ). Similarly, a higher value of the Breit-Wigner width increases the expected number of events on the high side of the Jacobian edge, causing the inferred M^t_W to reduce (given the observed position of the Jacobian edge).

We now describe the calculation of the M_W and Γ_W central values in the joint analysis. We shift the observed value of each variable by the corresponding difference of the other variable from its assumed value, scaled by the appropriate partial derivative:

M^t = M^o + b (Γ_A − Γ^t) , Γ^t = Γ^o + a (M_A − M^t) . (28)

M_A and Γ_A denote the assumed values of the mass and width used in the width and mass analyses respectively. Γ^o and M^o are the values extracted in these individual analyses, and a and b denote the partial derivatives a = ∂Γ/∂M = 0.33 and b = ∂M/∂Γ = 0.17. Solving these simultaneous linear equations for M^t and Γ^t, we obtain the central values in the joint analysis.

CDF and DØ used different assumed values of the W mass and width in their respective analyses. For our simultaneous M_W − Γ_W analysis, we need the individual Tevatron averages of M_W and Γ_W for which the inputs are quoted using the same reference values of Γ_W and M_W respectively. Thus we cannot use the results of Eqn. 18 and Eqn. 12 for Γ^o and M^o directly. To arrive at the appropriate averages, we use the partial derivatives mentioned above to “shift” the CDF and DØ measurements to common reference values of M_A = 80.413 GeV and Γ_A = 2.080 GeV.

This reference point is calculated as follows. In the width analysis, DØ assumed a W mass value of 80.436 GeV while CDF assumed a value of 80.400 GeV. We use the weights derived for combining the CDF and DØ width measurements (Sec. IV) to obtain the average M_A = 80.413 GeV. Similarly, in the mass analysis, DØ assumed a W width value of 2.062 GeV and CDF assumed a value of 2.096 GeV. Using the weights derived for combining the mass measurements (Sec. III), we obtain the average Γ_A = 2.080 GeV.

For these coordinates of the reference point, the CDF and DØ W mass measurements shift by about 3 MeV each, and the W width measurements shift by about 4 MeV and 8 MeV respectively for CDF and DØ. The combination of these shifted values is then repeated according to the procedure described in Sec. III and IV. We obtain the new individual Tevatron averages of Γ^o = 2.115 GeV and M^o = 80.456 GeV. These values are identical to those quoted in Eqn. 18 and Eqn. 12, proving that our calculated reference point is consistent with the original choices made by CDF and DØ.

We can now solve the simultaneous linear equations given in Eqns. 28, to obtain

M^{Tevatron}

W = 80.452 ± 0.059 GeV , Γ^{Tevatron}

W = 2.102 ± 0.106 GeV , (29)

as the Tevatron results of the joint analysis. The correlation coefficient is −0.174.

Finally, it is of interest for future, higher precision measurements of M_W and Γ_W to pursue this joint analysis technique. We expect most error contributions to scale with the statistics of the data. Assumptions that are made in providing external input for Γ_W in the M_W analysis are not necessary in this joint analysis technique. We also note that there is almost no loss of precision compared to the individual measurements. While this may seem surprising, the reason is the positive covariance induced between M^o_W and Γ^o_W by the uncertainties in the nuisance parameters. This means that an error in any of the nuisance parameters moves M_W and Γ_W in the same direction. But since an increase in one causes the other to reduce as mentioned above, this overall negative feedback suppresses the systematic uncertainties from the nuisance parameters on both M^t_W and Γ^t_W . This reduction in other systematic errors compensates for the information lost in excluding external mass and width input.

VI. INDIRECT W BOSON WIDTH AND LEPTONIC WIDTH

The CDF and DØ measurements of R (see Eqn. 7) have been presented [12–14] elsewhere. We describe here the combination of the R measurements and the extraction of Γ_W from R assuming the validity of the SM. We also combine this extracted value of Γ_W with the directly measured Γ_W from the m_T spectrum shape.

A. Combination of R Measurements

The published CDF [12] and DØ [13,14] measurements of R in the electron channel are

R = 10.90 ± 0.32 (stat) ± 0.30 (syst) (CDF) , R = 10.82 ± 0.41 (stat) ± 0.36 (syst) (DØ Run 1a) , R = 10.43 ± 0.15 (stat) ± 0.23 (syst) (DØ Run 1b) , (30)

where Run 1a refers to the 1992-93 data and Run 1b refers to the 1994-95 data. The uncertainties are summarized in Table VII.

TABLE VII. Fractional uncertainties (in %) in the CDF [12] and DØ [13,14] measurements of R. “1a” and “1b” refer to the 1992-93 and 1994-95 data respectively. The column labelled “common” indicates the correlated error, taken as common between the DØ Run 1a and Run 1b measurements. The 1a and 1b columns indicate (in some cases additional) uncorrelated errors for the DØ measurements. The last column indicates the error components that are correlated between the CDF and the combined DØ measurements.

Source CDF DØ CDF & DØ 1b common 1a Correlated PDF 1.1 0.3 0.3 MW 0.1 0.1 0.7 0.1 Boson pT 0.2 0.1 0.4 Energy Scale 0.4 0.7 0.3 Recoil Response 0.6 0.2 0.6 Clustering Algorithm - 0.2 Generator - 0.3 Electroweak Corrections 1.0 1.0 1.0 Backgrounds 1.5 1.7 0.1 2.3 Efficiencies 1.5 0.6 1.9 NLO QCD 0.6 - - Drell-Yan 0.2 - - Total Systematic 2.8 2.2 1.1 3.3 1.0 Statistical 2.9 1.4 - 3.8 - Total 4.0 2.7 1.1 5.1 1.0

We combine the DØ results from Run 1a and Run 1b taking the systematics due to choice of PDF (0.3%), the uncertainty in M_W (0.1%), the uncertainty in the boson p_T spectrum (0.1%), clustering algorithm dependence (0.2%), physics generator issues (0.3%), electroweak radiative corrections (1.0%) [19] and Drell-Yan background (0.1%), as correlated error components, to obtain a total correlated uncertainty of 1.1%. The result for the combined DØ measurement is

R^{DØ} = 10.50 ± 0.23 (uncorrelated) ± 0.12 (correlated) = 10.50 ± 0.26 . (31)

This DØ result is then combined with the CDF measurement. In this combination, the systematics due to the choice of PDF (0.3%), the uncertainty in M_W (0.1%) and higher-order electroweak corrections (1.0%) are treated as correlated uncertainties, to obtain a total correlated uncertainty of 1.0%. The average R value is

R^{Tevatron} = 10.59 ± 0.20 (uncorrelated) ± 0.11 (correlated) = 10.59 ± 0.23 . (32)

B. Extraction of W Boson Width

In the extraction of Γ_W from R, the Z → ee branching ratio is taken from the PDG [7] to be (3.363 ± 0.004)%. The inclusive cross section ratio σ_W /σ_Z is calculated at NNLO using Van Neerven et al. [24], with the following inputs: M^{Tevatron}

W = 80.456 ± 0.059 GeV, M_Z = 91.187 GeV, Γ_W = 2.06 ± 0.05 GeV, Γ_Z = 2.490 GeV, and sin^2θ_W = 0.23124 [25]. The renormalization and factorization scales are set to the boson mass. The calculated value of the ratio of inclusive cross sections is found to be σ_W σ_Z = 3.360 ± 0.051 . (33)

The dominant uncertainties (quoted in parentheses) in the calculation of the cross section ratio are due to PDFs (0.45%), M_W (0.09%), factorization scale (0.12%), renormalization scale (0.06%) and sin^2θ_W (1.43%). The uncertainties due to M_Z , Γ_W and Γ_Z are negligible. The uncertainty due to any input is estimated by varying the input by ±1σ and taking half of the difference between the results. The uncertainties due to the renormalization and factorization scales are estimated by varying the scales high and low by a factor of two. The uncertainty due to electroweak corrections is estimated by taking different conventions for sin^2θ_W . For our central value we use sin^2θ_{eff} from LEP, which gives an effective Born approximation and minimizes higher order corrections. The on-shell value of sin^2θ_W = 1 − (M_W /M_Z )^2, however, is equivalent at tree level, but gives a Z boson production cross section which is about 1.4% higher. We include this variation as a systematic uncertainty on the calculated σ_W /σ_Z.

The value of the W → eν branching ratio extracted from the combined CDF and DØ measurement of R using Eqn. 7 is

B(W → eν) = (10.61 ± 0.28) % (Tevatron) . (34)

For comparison, the SM value of the branching ratio [7] is B(W → eν) = Γ(W → eν) Γ(W )

= [3 + 6{1 + α_S π + 1.409 ( α_S π )^2 − 12.77 ( α_S π )^3}]^{−1}

= 0.10820 ± 0.00007 , (35)

where we have used α_S(M_W ) = 0.1224 ± 0.0028^5.

The SM calculation of the W boson leptonic partial width is given by [6] Γ(W → eν) = G_μM^3_W 6π √ 2 (1 + δ^{SM} )

= 227.1 ± 0.6 MeV , (36)

where G_μ = (1.16637 ± 0.00001) × 10^{−5} GeV^{−2} is the muon decay constant [7], δ^{SM} = −0.0035 ± 0.0017 is the “oblique” correction to the tree level partial width [6], and M^{Tevatron}_W = 80.456 ± 0.059 GeV. Using this value of Γ(W → eν), the extracted value of Γ_W is

Γ^{Tevatron}

W = 2.141 ± 0.057 GeV . (37)

For comparison, the SM prediction is Γ^{SM}_W = 2.099 ± 0.006 GeV, using Eqns. 35 and 36.

A comparison of the width extracted from R with the directly measured width (Eqns. 18 and 29) provides an interesting test of the SM, since the two methods are quite different. In the former measurement assumptions are made about boson couplings, whereas the latter makes use of kinematics. This test is one of the main goals of the Tevatron electroweak physics program in the future, as the precision of both measurements improves with more data.

If one is willing to make all the SM assumptions mentioned in Sec. II, it is possible to combine the indirect and direct measurements of Γ_W . The result should be used with care; for instance, it may not be used in global fits where boson couplings are free parameters, or in analyses of data where new physics can affect the W boson branching ratios.

Given these caveats, we discuss other aspects of combining the indirect and direct measurements of Γ_W . We consider the correlation induced by theoretical inputs used in the respective analyses:

5This value of αS(MW ) is obtained by evolving αS(MZ ) = 0.1200 ± 0.0028 (Eqn. 10.50 of [7]) from MZ = 91.19 GeV to MW = 80.45 GeV using Eqn. 9.4 of [7].

• PDF uncertainties: we conclude that there is no significant correlation because different aspects of PDFs are relevant for each analysis. For the direct measurement of the width the PDFs influence the mass dependence of the Breit-Wigner line shape at high mass. For the extraction of the width from R, the PDF’s influence the boson acceptance via their rapidity distributions. The total cross section ratio σ_W /σ_Z is affected by the u(x)/d(x) ratio of PDFs.

• Electroweak corrections, factorization and renormalization scales and sin^2θ_W play no significant role in the direct Γ_W measurement.

• We consider the correlation induced by variation in M_W . The uncertainties in R and σ_W /σ_Z due to M_W variation are of the same magnitude and sign^6 and therefore cancel in B(W → eν). The uncertainty in the SM calculation of Γ(W → eν) due to uncertainty in M_W is 0.3%, which is transferred to the extracted Γ_W as a 7 MeV uncertainty. This is anti-correlated^7 with the corresponding M_W uncertainty on the direct Γ_W measurement (13 MeV).

Taking the anti-correlation induced by M_W variation into account^8, we find the Tevatron combined (direct and indirect) result

Γ^{Tevatron}

W = 2.135 ± 0.050 GeV . (38)

The χ^2 of this combination is 0.05 with a probability of 83 %, indicating consistency between the direct and indirect measurements. Further combining with the preliminary LEP direct measurement (Eqn. 19) gives

Γ^{world}_W = 2.139 ± 0.044 GeV . (39)

Our world average differs from the PDG [7] value of Γ^{world}_W = 2.118 ± 0.042 GeV because we have considered the correlations between the CDF and DØ measurements, which were ignored in [7].

C. Extraction of W Leptonic Width

We may use the extracted value of the W → eν branching ratio (Eqn. 34) and the directly measured total W width (Eqn. 18) to obtain a measurement of the W leptonic partial width Γ(W → eν) = Γ_W × B(W → eν) = 224 ± 13 MeV (Tevatron) . (40)

The fractional uncertainty in the direct Γ_W (5.0%) dominates over the fractional uncertainty in B(W → eν) (2.4%). This measurement of Γ(W → eν) is in good agreement with the SM calculation given in Sec. VI.

VII. SUGGESTIONS FOR FUTURE PUBLICATIONS

There are a few instances where CDF and DØ have treated uncertainties differently in their respective analyses. For future efforts it would be helpful if a consistent treatment were adopted by both collaborations with mutual agreement. We itemize these cases below.

• The uncertainty due to PDFs has been treated differently in two respects, the acceptance-related uncertainty and the parton luminosity uncertainty.

The acceptance-related effects were studied by varying PDFs, but these variations differed between the CDF and DØ analyses. CDF used their W → eν charge asymmetry data to constrain the PDF variation, whereas the variation considered by DØ did not have this constraint because DØ did not have electron charge discrimination capability in Run 1. With the Run 2 detector DØ can also make this measurement. DØ and CDF have also

6With increasing MW , R reduces due to increased acceptance, and σW also reduces. 7With increasing MW , the calculated Γ(W → eν) increases, whereas the directly measured ΓW decreases. 8Ignoring the anti-correlation changes the result and uncertainty by less than 1 MeV.

demonstrated that the boson (decay lepton) rapidity distributions measured in Z (W ) boson events can provide additional PDF constraints, especially when forward lepton coverage is included. The optimal use of all this information would be to impose a combined constraint on PDFs using CDF and DØ data, and then propagate the same PDF uncertainty into their respective analyses.

This approach may also be applied to the parton luminosity uncertainty. Furthermore we suggest that the possibility of correlation between the parton luminosity uncertainty and the acceptance-related PDF uncertainty be studied. We suggest that these components be quoted separately along with their correlation.

• The treatment of the W width input in the W mass analysis and vice versa should be standardized. We suggest that both experiments adopt a common reference point based on available information. This also implies using a fixed width (mass) for the mass (width) fitting instead of building in a SM relationship between these parameters. This approach will facilitate the combination of the 1-parameter measurements, the 2-parameter joint analysis, and the comparison to theory.

VIII. CONCLUSION

We have presented the Run 1 results on the W boson mass and width from the CDF and DØ experiments, and examined their sources of uncertainty to identify the correlated components. We have used the covariance matrix technique to combine the respective measurements from the two experiments. The χ^2 probability for each combination is good indicating that the measurements are consistent. We have also reported the values and covariance matrix of the W mass and direct W width measurements from their joint analysis. Finally, we have combined the measurements of the ratio of W and Z boson cross sections, and extracted the combined value of the W leptonic branching ratio and the total W width. The measurements of the W width using the direct and indirect techniques are consistent, providing a test of the standard model. We have also extracted the W leptonic partial width from the measured total W width and the leptonic branching ratio. We have documented the methodologies that can provide the basis for future work with data of higher precision.

ACKNOWLEDGEMENTS

The CDF Collaboration thanks 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 Bundesministerium fuer Bildung und Forschung, Germany; and the Korea Science and Engineering Foundation (KOSEF); the Korea Research Foundation; and the Comision Interministerial de Ciencia y Tecnologia, Spain.

The DØ Collaboration thanks the staffs at Fermilab and collaborating institutions, and acknowledge support from the Department of Energy and National Science Foundation (USA), Commissariat à l’Energie Atomique and CNRS/Institut National de Physique Nucléaire et de Physique des Particules (France), Ministry of Education and Science, Agency for Atomic Energy and RF President Grants Program (Russia), CAPES, CNPq, FAPERJ, FAPESP and FUNDUNESP (Brazil), Departments of Atomic Energy and Science and Technology (India), Colciencias (Colombia), CONACyT (Mexico), Ministry of Education and KOSEF (Korea), CONICET and UBACyT (Argentina), The Foundation for Fundamental Research on Matter (The Netherlands), PPARC (United Kingdom), Ministry of Education (Czech Republic), A.P. Sloan Foundation, and the Research Corporation.

∗ Visitor from University of Zurich, Zurich, Switzerland. ∗∗ Visitor from Institute of Nuclear Physics, Krakow, Poland.

[1] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam, Proceedings of the 8^{th} Nobel Symposium, ed. N. Svartholm (Almqvist and Wiksells, Stockholm 1968), p. 367.

[2] A. Sirlin, Phys. Rev. D 22, 971 (1980); W. Marciano and A. Sirlin, Phys. Rev. D 22, 2695 (1980) and erratum-ibid. D 31, 213 (1985).

[3] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 82, 271 (1999), erratum-ibid. 82, 2808 (1999) and references therein. [4] B. Abbott et al. (DØ Collaboration), Phys. Rev. Lett. 80, 2063 (1998); B. Abbott et al. (DØ Collaboration), Phys. Rev.

D 60, 052001 (1999) and references therein.

[5] P. Chankowski et al., Nucl. Phys. B417, 101 (1994); D. Garcia and J. Sola, Mod. Phys. Lett. A 9, 211 (1994); A.

Dabelstein, W. Hollik and W. Mosle, in Perspectives for Electroweak Interactions in e^+e^− Collisions, ed. by B. A. Kniehl (World Scientific, Singapore, 1995) p. 345; D. Pierce et al., Nucl. Phys. B491, 3 (1997).

[6] J. L. Rosner, M. P. Worah and T. Takeuchi, Phys. Rev. D 49, 1363 (1994). [7] K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002).

[8] T. Affolder et al. (CDF Collaboration), Phys. Rev. D 64, 052001 (2001).

[9] V. M. Abazov et al. (DØ Collaboration), Phys. Rev. D 66, 012001 (2002); B. Abbott et al. (DØ Collaboration), Phys.

Rev. D 62, 092006 (2000).

[10] T. Affolder et al. (CDF Collaboration), Phys. Rev. Lett. 85, 3347 (2000). [11] V. M. Abazov et al. (DØ Collaboration), Phys. Rev. D 66, 032008 (2002). [12] F. Abe et al. (CDF Collaboration), Phys. Rev. D 52, 2624 (1995); Phys. Rev. Lett. 76, 3070 (1996).

A 1% systematic uncertainty has been added to the published CDF result for R to account for unknown higher order electroweak corrections [13] B. Abbott et al. (DØ Collaboration), Phys. Rev. D 60, 052003 (1999). [14] B. Abbott et al. (DØ Collaboration), Phys. Rev. D 61, 072001 (2000). [15] R. K. Ellis, D. A. Ross and S. Veseli, Nucl. Phys. B 503, 309 (1997). [16] G. A. Ladinsky and C.-P. Yuan, Phys. Rev. D 50, 4239 (1994) and references therein.

[17] F. A. Berends and R. Kleiss, J. P. Reval, and J. P. Vialle, Z. Phys. C 27, 155 (1985); F. A. Berends and R. Kleiss, ibid.

27, 365 (1985).

[18] E. Barberio and Z. Was, Comput. Phys. Commun. 79, 291 (1994); E. Barberio, B. van Eijk, and Z. Was, ibid. 66, 115 (1991).

[19] U. Baur, S. Keller, and D. Wackeroth, Phys. Rev. D 59, 013002 (1999); U. Baur et al., ibid. 56, 140 (1997); U. Baur, S.

Keller, and W. K. Sakumoto, ibid. 57, 199 (1998).

[20] L. Lyons, D. Gibaut, P. Clifford, Nucl. Instr. Meth. A 270, 110 (1988). [21] J. Alitti et al. (UA2 Collaboration), Phys. Lett. B 276, 354 (1992). [22] The LEP and SLD Collaborations, hep-ex/0312023, and references therein. [23] D. E. Groom et al., The European Physical Journal C 15, 1038 (2000). [24] W. L. Van Neerven and E. B. Zijlstra, Nucl. Phys. B 382, 11 (1992). [25] C. Caso et al., The European Physical Journal C 3, 1 (1998).