A Measurement of the W Boson Mass at the Fermilab pp Collider

B. Abbott,^{30} M. Abolins,^{27} B.S. Acharya,^{45} I. Adam,^{12} D.L. Adams,^{39} M. Adams,^{17} S. Ahn,^{14} H. Aihara,^{23} G.A. Alves,^{10} N. Amos,^{26} E.W. Anderson,^{19} R. Astur,^{44} M.M. Baarmand,^{44} A. Baden,^{25} V. Balamurali,^{34} J. Balderston,^{16} B. Baldin,^{14} S. Banerjee,^{45} J. Bantly,^5 E. Barberis,^{23} J.F. Bartlett,^{14} K. Bazizi,^{41} A. Belyaev,^{28} S.B. Beri,^{36} I. Bertram,^{33} V.A. Bezzubov,^{37} P.C. Bhat,^{14} V. Bhatnagar,^{36} M. Bhattacharjee,^{44} N. Biswas,^{34} G. Blazey,^{32} S. Blessing,^{15} P. Bloom,^7 A. Boehnlein,^{14} N.I. Bojko,^{37} F. Borcherding,^{14} C. Boswell,^9 A. Brandt,^{14} R. Brock,^{27} A. Bross,^{14} D. Buchholz,^{33} V.S. Burtovoi,^{37} J.M. Butler,^3 W. Carvalho,^{10} D. Casey,^{41} Z. Casilum,^{44} H. Castilla-Valdez,^{11} D. Chakraborty,^{44} S.-M. Chang,^{31} S.V. Chekulaev,^{37} L.-P. Chen,^{23} W. Chen,^{44} S. Choi,^{43} S. Chopra,^{26} B.C. Choudhary,^9 J.H. Christenson,^{14} M. Chung,^{17} D. Claes,^{29} A.R. Clark,^{23} W.G. Cobau,^{25} J. Cochran,^9 L. Coney,^{34} W.E. Cooper,^{14} C. Cretsinger,^{41} D. Cullen-Vidal,^5 M.A.C. Cummings,^{32} D. Cutts,^5 O.I. Dahl,^{23} K. Davis,^2 K. De,^{46} K. Del Signore,^{26} M. Demarteau,^{14} D. Denisov,^{14} S.P. Denisov,^{37} H.T. Diehl,^{14} M. Diesburg,^{14} G. Di Loreto,^{27} P. Draper,^{46} Y. Ducros,^{42} L.V. Dudko,^{28} S.R. Dugad,^{45} D. Edmunds,^{27} J. Ellison,^9 V.D. Elvira,^{44} R. Engelmann,^{44} S. Eno,^{25} G. Eppley,^{39} P. Ermolov,^{28} O.V. Eroshin,^{37} V.N. Evdokimov,^{37} T. Fahland,^8 M.K. Fatyga,^{41} S. Feher,^{14} D. Fein,^2 T. Ferbel,^{41} G. Finocchiaro,^{44} H.E. Fisk,^{14} Y. Fisyak,^7 E. Flattum,^{14} G.E. Forden,^2 M. Fortner,^{32} K.C. Frame,^{27} S. Fuess,^{14} E. Gallas,^{46} A.N. Galyaev,^{37} P. Gartung,^9 T.L. Geld,^{27} R.J. Genik II,^{27} K. Genser,^{14} C.E. Gerber,^{14} B. Gibbard,^4 S. Glenn,^7 B. Gobbi,^{33} A. Goldschmidt,^{23} B. Gómez,^1 G. Gómez,^{25} P.I. Goncharov,^{37} J.L. González Solís,^{11} H. Gordon,^4 L.T. Goss,^{47} K. Gounder,^9 A. Goussiou,^{44} N. Graf,^4 P.D. Grannis,^{44} D.R. Green,^{14} H. Greenlee,^{14} G. Grim,^7 S. Grinstein,^6 N. Grossman,^{14} P. Grudberg,^{23} S. Grünendahl,^{14} G. Guglielmo,^{35} J.A. Guida,^2 J.M. Guida,^5 A. Gupta,^{45} S.N. Gurzhiev,^{37} P. Gutierrez,^{35} Y.E. Gutnikov,^{37} N.J. Hadley,^{25} H. Haggerty,^{14} S. Hagopian,^{15} V. Hagopian,^{15} K.S. Hahn,^{41} R.E. Hall,^8 P. Hanlet,^{31} S. Hansen,^{14} J.M. Hauptman,^{19} D. Hedin,^{32} A.P. Heinson,^9 U. Heintz,^{14} R. Hernández-Montoya,^{11} T. Heuring,^{15} R. Hirosky,^{17} J.D. Hobbs,^{14} B. Hoeneisen,^{1,∗} J.S. Hoftun,^5 F. Hsieh,^{26} Ting Hu,^{44} Tong Hu,^{18} T. Huehn,^9 A.S. Ito,^{14} E. James,^2 J. Jaques,^{34} S.A. Jerger,^{27} R. Jesik,^{18} J.Z.-Y. Jiang,^{44} T. Joffe-Minor,^{33} K. Johns,^2 M. Johnson,^{14} A. Jonckheere,^{14} M. Jones,^{16} H. Jöstlein,^{14} S.Y. Jun,^{33} C.K. Jung,^{44} S. Kahn,^4 G. Kalbfleisch,^{35} J.S. Kang,^{20} D. Karmanov,^{28} D. Karmgard,^{15} R. Kehoe,^{34} M.L. Kelly,^{34} C.L. Kim,^{20} S.K. Kim,^{43} A. Klatchko,^{15} B. Klima,^{14} C. Klopfenstein,^7 V.I. Klyukhin,^{37} V.I. Kochetkov,^{37} J.M. Kohli,^{36} D. Koltick,^{38} A.V. Kostritskiy,^{37} J. Kotcher,^4 A.V. Kotwal,^{12} J. Kourlas,^{30} A.V. Kozelov,^{37} E.A. Kozlovski,^{37} J. Krane,^{29} M.R. Krishnaswamy,^{45} S. Krzywdzinski,^{14} S. Kunori,^{25} S. Lami,^{44} R. Lander,^7 F. Landry,^{27} G. Landsberg,^{14} B. Lauer,^{19} A. Leflat,^{28} H. Li,^{44} J. Li,^{46} Q.Z. Li-Demarteau,^{14} J.G.R. Lima,^{40} D. Lincoln,^{26} S.L. Linn,^{15} J. Linnemann,^{27} R. Lipton,^{14} Y.C. Liu,^{33} F. Lobkowicz,^{41} S.C. Loken,^{23} S. Lökös,^{44} L. Lueking,^{14} A.L. Lyon,^{25} A.K.A. Maciel,^{10} R.J. Madaras,^{23} R. Madden,^{15} L. Magaña-Mendoza,^{11} V. Manankov,^{28} S. Mani,^7 H.S. Mao,^{14,†} R. Markeloff,^{32} T. Marshall,^{18} M.I. Martin,^{14} K.M. Mauritz,^{19} B. May,^{33} A.A. Mayorov,^{37} R. McCarthy,^{44} J. McDonald,^{15} T. McKibben,^{17} J. McKinley,^{27} T. McMahon,^{35} H.L. Melanson,^{14} M. Merkin,^{28} K.W. Merritt,^{14} H. Miettinen,^{39} A. Mincer,^{30} C.S. Mishra,^{14} N. Mokhov,^{14} N.K. Mondal,^{45} H.E. Montgomery,^{14} P. Mooney,^1 H. da Motta,^{10} C. Murphy,^{17} F. Nang,^2 M. Narain,^{14} V.S. Narasimham,^{45} A. Narayanan,^2 H.A. Neal,^{26} J.P. Negret,^1 P. Nemethy,^{30} D. Norman,^{47} L. Oesch,^{26} V. Oguri,^{40} E. Oliveira,^{10} E. Oltman,^{23} N. Oshima,^{14} D. Owen,^{27} P. Padley,^{39} A. Para,^{14} Y.M. Park,^{21} R. Partridge,^5 N. Parua,^{45} M. Paterno,^{41} B. Pawlik,^{22} J. Perkins,^{46} M. Peters,^{16} R. Piegaia,^6 H. Piekarz,^{15} Y. Pischalnikov,^{38} V.M. Podstavkov,^{37} B.G. Pope,^{27} H.B. Prosper,^{15} S. Protopopescu,^4 J. Qian,^{26} P.Z. Quintas,^{14} R. Raja,^{14} S. Rajagopalan,^4 O. Ramirez,^{17} L. Rasmussen,^{44} S. Reucroft,^{31} M. Rijssenbeek,^{44} T. Rockwell,^{27} M. Roco,^{14} N.A. Roe,^{23} P. Rubinov,^{33} R. Ruchti,^{34} J. Rutherfoord,^2 A. Sánchez-Hernández,^{11} A. Santoro,^{10} L. Sawyer,^{24} R.D. Schamberger,^{44} H. Schellman,^{33} J. Sculli,^{30} E. Shabalina,^{28} C. Shaffer,^{15} H.C. Shankar,^{45} R.K. Shivpuri,^{13} M. Shupe,^2 H. Singh,^9 J.B. Singh,^{36} V. Sirotenko,^{32} W. Smart,^{14} E. Smith,^{35} R.P. Smith,^{14} R. Snihur,^{33} G.R. Snow,^{29} J. Snow,^{35} S. Snyder,^4 J. Solomon,^{17} P.M. Sood,^{36} M. Sosebee,^{46} N. Sotnikova,^{28} M. Souza,^{10} A.L. Spadafora,^{23} G. Steinbrück,^{35} R.W. Stephens,^{46} M.L. Stevenson,^{23} D. Stewart,^{26} F. Stichelbaut,^{44} D.A. Stoianova,^{37} D. Stoker,^8 M. Strauss,^{35} K. Streets,^{30} M. Strovink,^{23} A. Sznajder,^{10} P. Tamburello,^{25} J. Tarazi,^8 M. Tartaglia,^{14} T.L.T. Thomas,^{33} J. Thompson,^{25} T.G. Trippe,^{23} P.M. Tuts,^{12} N. Varelas,^{17} E.W. Varnes,^{23} D. Vititoe,^2 A.A. Volkov,^{37} A.P. Vorobiev,^{37} H.D. Wahl,^{15} G. Wang,^{15} J. Warchol,^{34} G. Watts,^5 M. Wayne,^{34} H. Weerts,^{27} A. White,^{46} J.T. White,^{47} J.A. Wightman,^{19} S. Willis,^{32} S.J. Wimpenny,^9 J.V.D. Wirjawan,^{47} J. Womersley,^{14} E. Won,^{41} D.R. Wood,^{31} H. Xu,^5 R. Yamada,^{14} P. Yamin,^4 J. Yang,^{30} T. Yasuda,^{31} P. Yepes,^{39} C. Yoshikawa,^{16} S. Youssef,^{15} J. Yu,^{14} Y. Yu,^{43} Z.H. Zhu,^{41} D. Zieminska,^{18} A. Zieminski,^{18} E.G. Zverev,^{28} and A. Zylberstejn^{42}

(DØ Collaboration)

1Universidad de los Andes, Bogotá, Colombia 2University of Arizona, Tucson, Arizona 85721 3Boston University, Boston, Massachusetts 02215 4Brookhaven National Laboratory, Upton, New York 11973 5Brown University, Providence, Rhode Island 02912 6Universidad de Buenos Aires, Buenos Aires, Argentina 7University of California, Davis, California 95616 8University of California, Irvine, California 92697 9University of California, Riverside, California 92521 10LAFEX, Centro Brasileiro de Pesquisas Físicas, Rio de Janeiro, Brazil 11CINVESTAV, Mexico City, Mexico 12Columbia University, New York, New York 10027

13Delhi University, Delhi, India 110007 14Fermi National Accelerator Laboratory, Batavia, Illinois 60510 15Florida State University, Tallahassee, Florida 32306 16University of Hawaii, Honolulu, Hawaii 96822 17University of Illinois at Chicago, Chicago, Illinois 60607 18Indiana University, Bloomington, Indiana 47405

19Iowa State University, Ames, Iowa 50011 20Korea University, Seoul, Korea 21Kyungsung University, Pusan, Korea 22Institute of Nuclear Physics, Kraków, Poland 23Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720 24Louisiana Tech University, Ruston, Louisiana 71272 25University of Maryland, College Park, Maryland 20742 26University of Michigan, Ann Arbor, Michigan 48109 27Michigan State University, East Lansing, Michigan 48824 28Moscow State University, Moscow, Russia 29University of Nebraska, Lincoln, Nebraska 68588 30New York University, New York, New York 10003 31Northeastern University, Boston, Massachusetts 02115 32Northern Illinois University, DeKalb, Illinois 60115 33Northwestern University, Evanston, Illinois 60208 34University of Notre Dame, Notre Dame, Indiana 46556 35University of Oklahoma, Norman, Oklahoma 73019 36University of Panjab, Chandigarh 16-00-14, India 37Institute for High Energy Physics, 142-284 Protvino, Russia 38Purdue University, West Lafayette, Indiana 47907 39Rice University, Houston, Texas 77005 40Universidade do Estado do Rio de Janeiro, Brazil 41University of Rochester, Rochester, New York 14627 42CEA, DAPNIA/Service de Physique des Particules, CE-SACLAY, Gif-sur-Yvette, France 43Seoul National University, Seoul, Korea 44State University of New York, Stony Brook, New York 11794 45Tata Institute of Fundamental Research, Colaba, Mumbai 400005, India 46University of Texas, Arlington, Texas 76019 47Texas A&M University, College Station, TeΩxas 77843 (February 6, 1998)

We report a measurement of the W boson mass based on an integrated luminosity of 82 pb^{−1} from pp collisions at √ s = 1.8 TeV recorded in 1994–1995 by the DØ detector at the Fermilab Tevatron. We identify W bosons by their decays to eν and extract the mass by fitting the transverse mass spectrum from 28,323 W boson candidates. A sample of 3,563 dielectron events, mostly due to Z → ee decays, constrains models of W boson production and the detector. We measure MW = 80.44 ± 0.10(stat) ± 0.07(syst) GeV. By combining this measurement with our result from the 1992–1993 data set, we obtain MW = 80.43 ± 0.11 GeV.

2

In the standard model of the electroweak interactions (SM) [1], the mass of the W boson is predicted to be

M_W = ( πα(M^2_Z ) √ 2G_F ) 1_2 1 sin θ_w √ 1 − Δr_W . (1)

In the “on-shell” scheme [2] cos θ_w = M_W /M_Z , where M_Z is the Z boson mass. A measurement of M_W , together with M_Z , the Fermi constant G_F , and the electromagnetic coupling constant α, determines the electroweak radiative corrections Δr_W experimentally. Purely electromagnetic corrections are absorbed into the value of α by evaluating it at Q^2 = M^2_Z [3]. The dominant contributions to Δr_W arise from loop diagrams that involve the top quark and the Higgs boson. New particles that couple to the W boson would also contribute to Δr_W . Therefore, a measurement of M_W is one of the most stringent experimental tests of the SM. Deviations from the predictions may indicate new physics. Within the SM, measurements of M_W and the mass of the top quark constrain the mass of the Higgs boson.

This Letter reports a precise new measurement of the W boson mass based on an integrated luminosity of 82 pb^{−1} from pp collisions at √ s = 1.8 TeV, recorded by the DØ detector [4] during the 1994–1995 run of the Fermilab Tevatron. A more complete account of this analysis can be found in Refs. [5–7]. Previously published measurements [8–11], when combined, determine the W boson mass to a precision of 110 MeV.

At the Tevatron, W bosons are produced mainly through qq annihilation. We detect their decays into electron-neutrino pairs, characterized by an isolated electron [12] with large transverse momentum (p_T ) and significant transverse momentum imbalance (/p_T ). The /p_T is due to the undetected neutrino. Many other particles of lower momenta, which recoil against the W boson, are produced in the breakup of the proton and antiproton. We refer to them collectively as the underlying event.

At the trigger level we require /p_T > 15 GeV and an energy cluster in the electromagnetic (EM) calorimeter with p_T > 20 GeV. The cluster must be isolated and consistent in shape with an electron shower.

During event reconstruction, electrons are identified as energy clusters in the EM calorimeter which satisfy isolation and shower shape cuts and have a drift chamber track pointing towards the cluster centroid. We determine their energies by adding the energy depositions in the first ≈ 40 radiation lengths of the calorimeter in a window, spanning 0.5 in azimuth (ϕ) by 0.5 in pseudorapidity (η) [13], centered on the highest energy deposit in the cluster. Fiducial cuts reject electron candidates near calorimeter module edges and ensure a uniform calorimeter response for the selected electrons. The electron momentum (⃗p(e)) is determined by combining its energy with its direction which is obtained from the shower centroid position and the drift chamber track. The trajectories of the electron and the proton beam define the position of the event vertex.

We measure the sum of the transverse momenta of all the particles recoiling against the W boson, ⃗u_T = ∑ i E_i sin θ_iû_i, where E_i is the energy deposition in the i^{th} calorimeter cell and θ_i is the angle defined by the cell center, the event vertex, and the proton beam. The unit vector û_i points perpendicularly from the beam to the cell center. The calculation of ⃗u_T excludes the cells occupied by the electron. The sum of the momentum components along the beam is not well measured because of particles escaping through the beam pipe. From momentum conservation we infer the transverse neutrino momentum, ⃗p_T (ν) = −⃗p_T (e) − ⃗u_T , and the transverse momentum of the W boson, ⃗p_T (W ) = −⃗u_T .

We select a W boson sample of 28,323 events by requiring p_T (ν) > 25 GeV, u_T < 15 GeV, and an electron candidate with |η| < 1.0 and p_T (e) > 25 GeV.

Since we do not measure the longitudinal momentum components of the neutrinos from W boson decays, we cannot reconstruct the eν invariant mass. Instead, we extract the W boson mass from the spectra of the electron p_T and the transverse mass, m_T = √ 2p_T (e)p_T (ν)(1 − cos Δϕ), where Δϕ is the azimuthal separation between the two leptons. We perform a maximum likelihood fit to the data using probability density functions from a Monte Carlo program. Since neither m_T nor p_T (e) are Lorentz invariants, we have to model the production dynamics of W bosons to correctly predict the spectra. The m_T spectrum is insensitive to transverse boosts and is therefore less sensitive to the W boson production model than the p_T (e) spectrum. On the other hand, it depends strongly on the detector response to the underlying event and is therefore more sensitive to detector effects than the p_T (e) spectrum.

Z bosons decaying to electrons provide an important control sample to calibrate the detector response to the underlying event and to the electrons, and to constrain the model for intermediate vector boson production used in the Monte Carlo simulations. We trigger on events with at least two EM clusters with p_T > 20 GeV. We define two samples of Z → ee decays in this analysis. For both Z samples, we require two electron candidates with p_T > 25 GeV. For sample I, we loosen the pseudorapidity cut for one of the electrons to |η| < 2.5. This selection accepts 2,341 events. For sample II, we require both electrons with |η| < 1.0 but allow one electron without a matching drift chamber track. Relaxing the track requirement for electrons with |η| < 1.0 increases the efficiency without a significant increase in background. Sample II contains 2,179 events of which 1,225 are in common with sample I.

For this measurement we developed a fast Monte Carlo program that generates W and Z bosons with the rapidity and p_T spectra given by a calculation using soft gluon resummation [14] and the MRSA^′ [15] parton distribution functions. The line shape is a relativistic Breit-Wigner, skewed by the mass dependence of the parton luminosity. The angular distribution of the decay electrons includes a p_T (W )-dependent O(α_s) correction [16]. The program also generates W → eνγ [17], Z → eeγ [17], and W → τ ν → eννν decays. The program smears the generated ⃗p(e) and ⃗u_T vectors using a parameterized detector response model and applies inefficiencies introduced by the trigger and event selection requirements. The model parameters are adjusted to match the data and are discussed below.

The energy resolution for electrons with |η| < 1.0 is described by sampling, noise, and constant terms. In the Monte Carlo simulation we use a sampling term of 13%/ √ p_T /GeV, derived from beam tests. The noise term is determined by pedestal distributions derived from the W data sample. We constrain the constant term to c_{EM} = 1.15^{+0.27}_{−0.36}% by requiring that the width of the dielectron invariant mass spectrum predicted by the Monte Carlo simulation is consistent with the Z data (Fig. 1).

FIG. 1. The dielectron invariant mass distribution of the Z data for sample II (•). The solid line shows the fitted signal plus background shape and the small shaded area the background. The arrows indicate the fit window.

Beam tests show that the electron energy response of the calorimeter can be parameterized by a scale factor α_{EM} and an offset δ_{EM}. We determine these in situ using π^0 → γγ, J/ψ → ee, and Z → ee decays. We obtain δ_{EM} = −0.16^{+0.03}_{−0.21} GeV and α_{EM} = 0.9533 ± 0.0008 by fitting the observed mass spectra while constraining the resonance masses to their measured values [18,19]. The uncertainty in α_{EM} is dominated by the finite size of the Z sample. Figure 1 shows the observed dielectron mass spectrum from sample II, and the line shape predicted by the Monte Carlo simulation for the fitted values of c_{EM} , α_{EM}, and δ_{EM} .

We calibrate the response of the detector to the underlying event, relative to the EM response, using sample I. The looser rapidity cut on one electron brings the rapidity distribution of the Z bosons closer to that of the W bosons, since there is no rapidity cut on the unobserved neutrino in W events. In Z → ee decays, momentum conservation requires ⃗p_T (ee) = −⃗u_T , where ⃗p_T (ee) is the sum of the two electron p_T vectors. To minimize sensitivity to the electron energy resolution, we project ⃗u_T and

⃗p_T (ee) on the inner bisector of the two electron directions, called the η-axis (Fig. 2). We call the projections u_η and p_η (ee).

FIG. 2. The definition of the η-axis (left). The plot of uη/Rrec + pη(ee) (right) for the data (•) and simulation (—).

Detector simulations based on the geant program [20] predict a detector response to the recoil momentum of the form R_{rec} = α_{rec} + β_{rec} ln(p_T /GeV). We constrain α_{rec} and β_{rec} by comparing the mean value of u_η + p_η(ee) with Monte Carlo predictions for different values of the parameters. We measure α_{rec} = 0.693 ± 0.060 and β_{rec} = 0.040 ± 0.021 with a correlation coefficient of −0.98.

The recoil momentum resolution has two components. We smear the magnitude of the recoil momentum with a resolution of s_{rec}/ √ p_T /GeV. We describe the detector noise and pile-up, which are independent of the boson p_T and azimuthally symmetric, by adding the /p_T from a random pp interaction, scaled by a factor α_{mb}, to the smeared boson p_T . To model the luminosity dependence of this resolution component correctly, the sample of pp interactions was chosen to have the same luminosity spectrum as the W sample. We constrain the parameters by comparing the observed rms of u_η/R_{rec} + p_η(ee) with Monte Carlo predictions and measure s_{rec} = 0.49 ± 0.14 and α_{mb} = 1.032 ± 0.028 with a correlation coefficient of −0.60. Figure 2 shows a plot of u_η/R_{rec} + p_η(ee).

Excluding the cells occupied by the electrons, the average transverse energy flow, S_T = ∑ i E_i sin θ_i, is 7.7 GeV higher for the W sample than for the Z sample. This bias is caused by requiring the identification of two electrons in the Z sample versus one in the W sample. The larger energy flow translates into a slightly broader recoil momentum resolution in the W sample. We correct α_{mb} by a factor 1.03 ± 0.01 to account for this effect in the W boson model.

Backgrounds in the W sample are W → τ ν → eννν decays (1.6%), hadrons misidentified as electrons (1.3%±0.2%), Z → ee decays (0.42%±0.08%), and W → τ ν → hadrons + X decays (0.24%), as determined from data or Monte Carlo depending on the source. Their shapes are included in the fits.

The fit to the m_T distribution (Fig. 3(a)) yields M_W = 80.44 GeV with a statistical uncertainty of 70 MeV. A Kolmogorov-Smirnov (KS) test gives a confidence level of 28% that the parent distribution of the data is the probability density function given by the Monte Carlo program. A χ^2 test gives χ^2 = 79.5 for 60 bins which corresponds to a confidence level of 3%. The fit to the p_T (e) distribution (Fig. 3(b)) yields M_W = 80.48 GeV with a statistical uncertainty of 87 MeV. The confidence level of the KS test is 83% and that of the χ^2 test is 35%.

FIG. 3. Spectra of (a) mT and (b) pT (e) from the data (•), the fit (—), and the backgrounds (shaded). The arrows indicate the fit windows.

We estimate systematic uncertainties in M_W from the Monte Carlo parameters by varying them within their uncertainties (Table I). In addition to the parameters described above, the calibration of the electron polar angle measurement contributes a significant uncertainty. We use muons from pp collisions and cosmic rays to calibrate the drift chamber measurements and Z → ee decays to align the calorimeter with the drift chambers. Smaller uncertainties are due to the removal of the cells occupied by the electron from the computation of ⃗u_T , the uniformity of the calorimeter response, and the modeling of trigger and selection biases [7].

The uncertainty due to the model for W boson production and decay consists of several components (Table I). We assign an uncertainty that characterizes the range of variations in M_W obtained when employing several recent parton distribution functions: MRSA^′, MRSD−^′ [21], CTEQ2M [22], and CTEQ3M [23]. We allow the p_T (W ) spectrum to vary within constraints derived from the p_T (ee) spectrum of the Z data [7] and from Λ_{QCD} [19]. The uncertainty due to radiative decays contains an estimate of the effect of neglecting double photon emission in the Monte Carlo simulation [24].

The fit to the m_T spectrum results in a W boson mass of 80.44 ± 0.10(stat) ± 0.07(syst) GeV and the fit to the p_T (e) spectrum results in 80.48 ± 0.11(stat) ± 0.09(syst) GeV. The good agreement of the two fits shows that our simulation models the W boson production dynamics and the detector response well. We have performed additional consistency checks. A fit to the p_T (ν) distribution yields M_W = 80.37 ± 0.12(stat) ± 0.13(syst) GeV, consistent with the m_T and p_T (e) fits. Fits to the data in bins of luminosity, ϕ(e), η(e), and u_T do not show evidence for any systematic biases.

We combine the results from the m_T fit and the data

TABLE I. Uncertainties in the W boson mass measurement in MeV, rounded to the nearest 5 MeV.

Source of uncertainty mT fit pT (e) fit W sample size 70 85 Z sample size (αEM) 65 65 Total statistical uncertainty 95 105 calorimeter linearity (δEM) 20 20 calorimeter uniformity 10 10 electron resolution (cEM) 25 15 electron angle calibration 30 30 electron removal 15 15 selection bias 5 10 recoil resolution (αmb, srec) 25 10 recoil response (αrec, βrec) 20 15 Total detector systematics 60 50 Backgrounds 10 20 pT (W ) spectrum 10 50 parton distribution functions 20 50 parton luminosity 10 10 radiative decays 15 15 W boson width 10 10 Total W boson production and decay model 30 75 Total 115 140

collected by DØ in 1992–1993 [10] to obtain M_W = 80.43 ± 0.11 GeV. This is the most precise measurement of the W boson mass to date. Using Eq. 1 we find Δr_W = −0.0288 ± 0.0070, which establishes the existence of electroweak corrections to M_W at the level of four standard deviations. Fitting the SM to all other electroweak data [18] predicts M_W = 80.329 ± 0.041 GeV or Δr_W = −0.0224 ± 0.0026. Figure 4 compares the direct measurements of the W boson and top quark masses to SM predictions.

FIG. 4. Direct W boson and top quark mass measurements by the DØ [25], CDF [9,26], and LEP [11,18] experiments. The bands show SM predictions for the indicated Higgs masses [27].

We wish to thank U. Baur for helpful discussions. We thank the staffs at Fermilab and collaborating institutions for their contributions to this work, and acknowledge support from the Department of Energy and National Science Foundation (U.S.A.), Commissariat à

L’Energie Atomique (France), State Committee for Science and Technology and Ministry for Atomic Energy (Russia), CNPq (Brazil), Departments of Atomic Energy and Science and Education (India), Colciencias (Colombia), CONACyT (Mexico), Ministry of Education and KOSEF (Korea), CONICET and UBACyT (Argentina), and CAPES (Brazil).

∗ Visitor from Universidad San Francisco de Quito, Quito, Ecuador.

† Visitor from IHEP, Beijing, China.

[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, edited by 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. 31, 213 (1985).

[3] S. Eidelmann and F. Jegerlehner, Z. Phys. C 67, 585 (1995).

[4] S. Abachi et al. (DØ), Nucl. Instrum. Methods in Phys.

Res. A 338, 185 (1994).

[5] I. Adam, Ph.D. thesis, Columbia University, 1997, Nevis Report #294 (unpublished), http://www-d0.fnal.gov/

publications talks/thesis/adam/ian thesis all.ps.

[6] E. Flattum, Ph.D. thesis, Michigan State University, 1996 (unpublished), http://www-d0.fnal.gov/

publications talks/thesis/flattum/eric thesis.ps.

[7] B. Abbott et al. (DØ), FERMILAB-PUB-97/422-E (1997), submitted to Phys. Rev. D.

[8] J. Alitti et al. (UA2), Phys. Lett. B 276, 354 (1992). [9] F. Abe et al. (CDF), Phys. Rev. Lett. 75, 11 (1995) and Phys. Rev. D 52, 4784 (1995).

[10] S. Abachi et al. (DØ), Phys. RΩev. Lett. 77, 3309 (1996);

B. Abbott et al. (DØ), FERMILAB-PUB-97/328-E, submitted to Phys. Rev. D.

[11] M. Acciarri et al. (L3), Phys. Lett. B 413, 176 (1997);

R. Barate et al. (ALEPH), CERN-PPE/97-164, submitted to Phys. Lett. B; K. Ackerstaff et al. (OPAL), CERN- PPE/97-116, to be published in Z. Phys. C; P. Abreu et al. (Delphi), CERN-PPE/97-160, to be published in E. Phys. J. C.

[12] We refer to electrons and positrons as electrons. [13] We define the pseudorapidity η = − ln ( tan^θ_2 ) . [14] G.A. Ladinsky and C.-P. Yuan, Phys. Rev. D 50, 4239 (1994).

[15] A.D. Martin, W.J. Stirling, and R.G. Roberts, Phys.

Rev. D 50, 6734 (1994) and ibid. 51, 4756 (1995). [16] E. Mirkes, Nucl. Phys. B387, 3 (1992).

[17] F.A. Berends and R. Kleiss, Z. Phys. C 27, 365 (1985). [18] The LEP Collaborations, the LEP Electroweak Working Group, and the SLD Heavy Flavour Group, CERN- PPE/97-154 (unpublished).

[19] R.M. Barnett et al., Phys. Rev. D 54, 1 (1996).

[20] F. Carminati et al., CERN Program Library W5013, 1991 (unpublished).

[21] A.D. Martin, W.J. Stirling, and R.G. Roberts, Phys.

Lett. B 306, 145 (1993) and erratum-ibid. 309, 492 (1993).

[22] J. Botts et al., Phys. Lett. B 304, 159 (1993). [23] H.L. Lai et al., Phys. Rev. D 51, 4763 (1995). [24] U. Baur et al., Phys. Rev. D 56, 140 (1997) and references therein.

[25] B. Abbott et al. (DØ), FERMILAB-PUB-98/031-E, submitted to Phys. Rev. D.

[26] F. Abe et al. (CDF), FERMILAB-PUB-97/284-E, submitted to Phys. Rev. Lett.

[27] G. Degrassi et al., CERN-TH-97-197, to be published in Phys. Lett.; G. Degrassi, P. Gambino, and A. Sirlin, Phys. Lett. B 394, 188 (1997).