
FERMILAB-PUB-06/353-E

Measuremen t of the top quark mass in the lepton+jets �nal state with the matrix
element metho d

V.M. Abazov,35 B. Abbott, 75 M. Abolins,65 B.S. Acharya,28 M. Adams,51 T. Adams,49 M. Agelou,17 E. Aguilo,5

S.H. Ahn,30 M. Ahsan,59 G.D. Alexeev,35 G. Alkhazov,39 A. Alton, 64 G. Alverson,63 G.A. Alves,2 M. Anastasoaie,34

T. Andeen,53 S. Anderson,45 B. Andrieu,16 M.S. Anzelc,53 Y. Arnoud,13 M. Arov,52 A. Askew,49 B. �Asman,40

A.C.S. Assis Jesus,3 O. Atramentov,49 C. Autermann,20 C. Avila, 7 C. Ay,23 F. Badaud,12 A. Baden,61 L. Bagby,52

B. Baldin,50 D.V. Bandurin,59 P. Banerjee,28 S. Banerjee,28 E. Barberis,63 P. Bargassa,80 P. Baringer,58

C. Barnes,43 J. Barreto,2 J.F. Bartlett, 50 U. Bassler,16 D. Bauer,43 S. Beale,5 A. Bean,58 M. Begalli,3 M. Begel,71

C. Belanger-Champagne,5 L. Bellantoni,50 A. Bellavance,67 J.A. Benitez,65 S.B. Beri,26 G. Bernardi,16

R. Bernhard,41 L. Berntzon,14 I. Bertram, 42 M. Besan�con,17 R. Beuselinck,43 V.A. Bezzubov,38 P.C. Bhat,50

V. Bhatnagar,26 M. Binder,24 C. Biscarat,42 K.M. Black,62 I. Blackler,43 G. Blazey,52 F. Blekman,43 S. Blessing,49

D. Bloch,18 K. Bloom,67 U. Blumenschein,22 A. Boehnlein,50 O. Boeriu,55 T.A. Bolton,59 G. Borissov,42

K. Bos,33 T. Bose,77 A. Brandt, 78 R. Brock,65 G. Brooijmans,70 A. Bross,50 D. Brown,78 N.J. Buchanan,49

D. Buchholz,53 M. Buehler,81 V. Buescher,22 S. Burdin, 50 S. Burke,45 T.H. Burnett, 82 E. Busato,16 C.P. Buszello,43

J.M. Butler, 62 P. Calfayan,24 S. Calvet,14 J. Cammin,71 S. Caron,33 W. Carvalho,3 B.C.K. Casey,77 N.M. Cason,55

H. Castilla-Valdez,32 S. Chakrabarti, 28 D. Chakraborty,52 K.M. Chan,71 A. Chandra,48 F. Charles,18 E. Cheu,45

F. Chevallier,13 D.K. Cho,62 S. Choi,31 B. Choudhary,27 L. Christofek,77 D. Claes,67 B. Cl�ement,18

C. Cl�ement,40 Y. Coadou,5 M. Cooke,80 W.E. Cooper,50 D. Coppage,58 M. Corcoran,80 M.-C. Cousinou,14

B. Cox,44 S. Cr�ep�e-Renaudin,13 D. Cutts,77 M. �Cwiok,29 H. da Motta, 2 A. Das,62 M. Das,60 B. Davies,42

G. Davies,43 G.A. Davis,53 K. De,78 P. de Jong,33 S.J. de Jong,34 E. De La Cruz-Burelo,64 C. De Oliveira Martins, 3

J.D. Degenhardt,64 F. D�eliot,17 M. Demarteau,50 R. Demina,71 P. Demine,17 D. Denisov,50 S.P. Denisov,38

S. Desai,72 H.T. Diehl,50 M. Diesburg,50 M. Doidge,42 A. Dominguez,67 H. Dong,72 L.V. Dudko,37 L. Du
ot, 15

S.R. Dugad,28 D. Duggan,49 A. Duperrin,14 J. Dyer,65 A. Dyshkant,52 M. Eads,67 D. Edmunds,65 T. Edwards,44

J. Ellison,48 J. Elmsheuser,24 V.D. Elvira, 50 S. Eno,61 P. Ermolov,37 H. Evans,54 A. Evdokimov,36

V.N. Evdokimov,38 S.N. Fatakia,62 L. Feligioni,62 A.V. Ferapontov,59 T. Ferbel,71 F. Fiedler,24 F. Filthaut, 34

W. Fisher,50 H.E. Fisk,50 I. Fleck,22 M. Ford,44 M. Fortner,52 H. Fox,22 S. Fu,50 S. Fuess,50 T. Gadfort,82

C.F. Galea,34 E. Gallas,50 E. Galyaev,55 C. Garcia,71 A. Garcia-Bellido,82 J. Gardner,58 V. Gavrilov,36 A. Gay,18

P. Gay,12 D. Gel�e,18 R. Gelhaus,48 C.E. Gerber,51 Y. Gershtein,49 D. Gillb erg,5 G. Ginther,71 N. Gollub,40

B. G�omez,7 A. Goussiou,55 P.D. Grannis,72 H. Greenlee,50 Z.D. Greenwood,60 E.M. Gregores,4 G. Grenier,19

Ph. Gris,12 J.-F. Grivaz,15 S. Gr•unendahl,50 M.W. Gr•unewald,29 F. Guo,72 J. Guo,72 G. Gutierrez,50 P. Gutierrez,75

A. Haas,70 N.J. Hadley,61 P. Haefner,24 S. Hagopian,49 J. Haley,68 I. Hall,75 R.E. Hall,47 L. Han,6 K. Hanagaki,50

P. Hansson,40 K. Harder,59 A. Harel,71 R. Harrington, 63 J.M. Hauptman,57 R. Hauser,65 J. Hays,53 T. Hebbeker,20

D. Hedin,52 J.G. Hegeman,33 J.M. Heinmiller,51 A.P. Heinson,48 U. Heintz,62 C. Hensel,58 K. Herner,72

G. Hesketh,63 M.D. Hildreth, 55 R. Hirosky,81 J.D. Hobbs,72 B. Hoeneisen,11 H. Hoeth,25 M. Hohlfeld,15 S.J. Hong,30

R. Hooper,77 P. Houben,33 Y. Hu,72 Z. Hubacek,9 V. Hynek,8 I. Iashvili, 69 R. Illingw orth, 50 A.S. Ito, 50 S. Jabeen,62

M. Ja�r �e,15 S. Jain,75 K. Jakobs,22 C. Jarvis,61 A. Jenkins,43 R. Jesik,43 K. Johns,45 C. Johnson,70 M. Johnson,50

A. Jonckheere,50 P. Jonsson,43 A. Juste,50 D. K•afer,20 S. Kahn,73 E. Ka jfasz,14 A.M. Kalinin, 35 J.M. Kalk, 60

J.R. Kalk, 65 S. Kappler,20 D. Karmanov,37 J. Kasper,62 P. Kasper,50 I. Katsanos,70 D. Kau,49 R. Kaur, 26

R. Kehoe,79 S. Kermiche,14 N. Khalat yan,62 A. Khanov,76 A. Kharchilava,69 Y.M. Kharzheev,35 D. Khatidze,70

H. Kim, 78 T.J. Kim, 30 M.H. Kirb y,34 B. Klima, 50 J.M. Kohli, 26 J.-P. Konrath, 22 M. Kopal,75 V.M. Korablev,38

J. Kotcher,73 B. Kothari, 70 A. Koubarovsky,37 A.V. Kozelov,38 K. Kr•oninger,21 D. Krop, 54 A. Kry emadhi,81

T. Kuhl, 23 A. Kumar, 69 S. Kunori, 61 A. Kupco,10 T. Kur �ca,19;� J. Kvita, 8 S. Lammers,70 G. Landsberg,77

J. Lazo
ores,49 A.-C. Le Bihan,18 P. Lebrun,19 W.M. Lee,52 A. Le
at, 37 F. Lehner,41 V. Lesne,12 J. Leveque,45

P. Lewis,43 J. Li, 78 Q.Z. Li, 50 J.G.R. Lima,52 D. Lincoln,50 J. Linnemann,65 V.V. Lipaev,38 R. Lipton, 50 Z. Liu, 5

L. Lobo,43 A. Lobodenko,39 M. Lokajicek,10 A. Lounis,18 P. Love,42 H.J. Lubatti, 82 M. Lynker,55 A.L. Lyon,50

A.K.A. Maciel,2 R.J. Madaras,46 P. M•attig, 25 C. Magass,20 A. Magerkurth, 64 A.-M. Magnan,13 N. Makovec,15

P.K. Mal,55 H.B. Malbouisson,3 S. Malik, 67 V.L. Malyshev,35 H.S. Mao,50 Y. Maravin,59 M. Martens,50

R. McCarthy,72 D. Meder,23 A. Melnitchouk,66 A. Mendes,14 L. Mendoza,7 M. Merkin, 37 K.W. Merritt, 50

A. Meyer,20 J. Meyer,21 M. Michaut,17 H. Miettinen, 80 T. Millet, 19 J. Mitrevski, 70 J. Molina,3 N.K. Mondal,28

J. Monk,44 R.W. Moore,5 T. Moulik, 58 G.S. Muanza,15 M. Mulders,50 M. Mulhearn,70 O. Mundal,22 L. Mundim, 3

Y.D. Mutaf, 72 E. Nagy,14 M. Naimuddin,27 M. Narain,62 N.A. Naumann,34 H.A. Neal,64 J.P. Negret,7



2

P. Neustroev,39 C. Noeding,22 A. Nomerotski,50 S.F. Novaes,4 T. Nunnemann,24 V. O'Dell, 50 D.C. O'Neil,5

G. Obrant,39 V. Oguri,3 N. Oliveira,3 D. Onoprienko,59 N. Oshima,50 R. Otec,9 G.J. Otero y Garz�on,51 M. Owen,44

P. Padley,80 N. Parashar,56 S.-J. Park,71 S.K. Park,30 J. Parsons,70 R. Partridge,77 N. Parua,72 A. Patwa,73

G. Pawloski,80 P.M. Perea,48 E. Perez,17 K. Peters,44 P. P�etro�, 15 M. Petteni,43 R. Piegaia,1 J. Piper,65

M.-A. Pleier,21 P.L.M. Podesta-Lerma,32 V.M. Podstavkov,50 Y. Pogorelov,55 M.-E. Pol,2 A. Pompo�s,75

B.G. Pope,65 A.V. Popov,38 C. Potter, 5 W.L. Prado da Silva,3 H.B. Prosper,49 S. Protopopescu,73 J. Qian,64

A. Quadt,21 B. Quinn,66 M.S. Rangel,2 K.J. Rani,28 K. Ranjan,27 P.N. Rato�, 42 P. Renkel,79 S. Reucroft,63

M. Rijssenbeek,72 I. Ripp-Baudot,18 F. Rizatdinova,76 S. Robinson,43 R.F. Rodrigues,3 C. Royon,17 P. Rubinov,50

R. Ruchti, 55 V.I. Rud,37 G. Sajot, 13 A. S�anchez-Hern�andez,32 M.P. Sanders,61 A. Santoro,3 G. Savage,50

L. Sawyer,60 T. Scanlon,43 D. Schaile,24 R.D. Schamberger,72 Y. Scheglov,39 H. Schellman,53 P. Schieferdecker,24

C. Schmitt, 25 C. Schwanenberger,44 A. Schwartzman,68 R. Schwienhorst,65 J. Sekaric,49 S. Sengupta,49

H. Severini,75 E. Shabalina,51 M. Shamim,59 V. Shary,17 A.A. Shchukin,38 W.D. Shephard,55 R.K. Shivpuri,27

D. Shpakov,50 V. Siccardi,18 R.A. Sidwell,59 V. Simak,9 V. Sirotenko,50 P. Skubic,75 P. Slattery,71 R.P. Smith,50

G.R. Snow,67 J. Snow,74 S. Snyder,73 S. S•oldner-Rembold,44 X. Song,52 L. Sonnenschein,16 A. Sopczak,42

M. Sosebee,78 K. Soustruznik,8 M. Souza,2 B. Spurlock,78 J. Stark,13 J. Steele,60 V. Stolin,36 A. Stone,51

D.A. Stoyanova,38 J. Strandberg,64 S. Strandberg,40 M.A. Strang,69 M. Strauss,75 R. Str•ohmer,24 D. Strom,53

M. Strovink,46 L. Stutte,50 S. Sumowidagdo,49 P. Svoisky,55 A. Sznajder,3 M. Talby,14 P. Tamburello,45

W. Taylor,5 P. Telford,44 J. Temple,45 B. Tiller, 24 M. Tito v,22 V.V. Tokmenin,35 M. Tomoto,50 T. Toole,61

I. Torchiani,22 S. Towers,42 T. Trefzger,23 S. Trincaz-Duvoid,16 D. Tsybychev,72 B. Tuchming,17 C. Tully,68

A.S. Turcot,44 P.M. Tuts,70 R. Unalan,65 L. Uvarov,39 S. Uvarov,39 S. Uzunyan,52 B. Vachon,5 P.J. van den Berg,33

R. Van Kooten,54 W.M. van Leeuwen,33 N. Varelas,51 E.W. Varnes,45 A. Vartapetian,78 I.A. Vasilyev,38

M. Vaupel,25 P. Verdier,19 L.S. Vertogradov,35 M. Verzocchi,50 F. Villeneuve-Seguier,43 P. Vint,43 J.-R. Vlimant,16

E. Von Toerne,59 M. Voutilainen,67;y M. Vreeswijk,33 H.D. Wahl,49 L. Wang,61 M.H.L.S Wang,50 J. Warchol,55

G. Watts,82 M. Wayne,55 G. Weber,23 M. Weber,50 H. Weerts,65 N. Wermes,21 M. Wetstein,61 A. White, 78

D. Wicke,25 G.W. Wilson,58 S.J. Wimp enny,48 M. Wobisch,50 J. Womersley,50 D.R. Wood,63 T.R. Wyatt, 44

Y. Xie,77 N. Xuan,55 S. Yacoob,53 R. Yamada,50 M. Yan,61 T. Yasuda,50 Y.A. Yatsunenko,35 K. Yip, 73

H.D. Yoo,77 S.W. Youn,53 C. Yu,13 J. Yu,78 A. Yurkewicz,72 A. Zatserklyaniy,52 C. Zeitnitz, 25 D. Zhang,50

T. Zhao,82 B. Zhou,64 J. Zhu,72 M. Zielinski,71 D. Zieminska,54 A. Zieminski,54 V. Zutshi,52 and E.G. Zverev37

(D� Collaboration)
1Universidad de Buenos Air es, Buenos Air es, Argentina

2LAFEX, Centro Brasileiro de PesquisasF��sicas, Rio de Janeiro, Brazil
3Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

4 Instituto de F��sica Te�orica, Universidade Estadual Paulista, S~ao Paulo, Brazil
5University of Alberta, Edmonton, Alberta, Canada, Simon Fraser University, Burnaby, British Columbia, Canada,

York University, Toronto, Ontario, Canada, and McGil l University, Montr eal, Quebec, Canada
6University of Science and Technology of China, Hefei, People's Republic of China

7Universidad de los Andes, Bogot�a, Colombia
8Center for Particle Physics, Charles University, Prague, Czech Republic

9Czech Technical University, Prague, Czech Republic
10 Center for Particle Physics, Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic

11 Universidad San Francisco de Quito, Quito, Ecuador
12 Laboratoire de Physique Corpusculaire, IN2P3-CNRS, Universit �e Blaise Pascal, Clermont-Ferrand, France

13 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
14 CPPM, IN2P3-CNRS, Universit �e de la M�editerran�ee, Marseil le, France

15 IN2P3-CNRS, Laboratoire de l'A cc�el�erateur Lin �eaire, Orsay, France
16 LPNHE, IN2P3-CNRS, Universit �es Paris VI and VII, Paris, France
17 DAPNIA/Servic e de Physique des Particules, CEA, Saclay, France

18 IPHC, IN2P3-CNRS, Universit �e Louis Pasteur, Strasbourg, France, and Universit �e de Haute Alsace, Mulhouse, France
19 Institut de Physique Nucl�eaire de Lyon, IN2P3-CNRS, Universit �e Claude Bernard, Vil leurbanne, France

20 III. Physikalisches Institut A, RWTH Aachen, Aachen, Germany
21 Physikalisches Institut, Universit•at Bonn, Bonn, Germany

22 Physikalisches Institut, Universit•at Freiburg, Freiburg, Germany
23 Institut f•ur Physik, Universit•at Mainz, Mainz, Germany

24 Ludwig-Maximilians-Universit• at M•unchen, M•unchen, Germany
25 Fachbereich Physik, University of Wuppertal, Wuppertal, Germany

26 Panjab University, Chandigarh, India
27 Delhi University, Delhi, India

28 Tata Institute of Fundamental Research, Mumbai, India



3

29 University College Dublin, Dublin, Ir eland
30 Korea Detector Laboratory, Korea University, Seoul, Korea

31 SungKyunKwan University, Suwon, Korea
32 CINVEST AV, Mexico City, Mexico

33 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
34 Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands

35 Joint Institute for Nuclear Research, Dubna, Russia
36 Institute for Theoretical and Experimental Physics, Moscow, Russia

37 Moscow State University, Moscow, Russia
38 Institute for High Energy Physics, Protvino, Russia

39 Petersburg Nuclear Physics Institute, St. Petersburg, Russia
40 Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Stockholm, Sweden, and

Uppsala University, Uppsala, Sweden
41 Physik Institut der Universit•at Z•urich, Z•urich, Switzerland

42 Lancaster University, Lancaster, United Kingdom
43 Imperial College, London, United Kingdom

44 University of Manchester, Manchester, United Kingdom
45 University of Arizona, Tucson, Arizona 85721, USA

46 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
47 California State University, Fresno, California 93740, USA
48 University of California, Riverside, California 92521, USA
49 Florida State University, Tallahassee, Florida 32306, USA

50 Fermi National Accelerator Laboratory, Batavia, Il linois 60510, USA
51 University of Il linois at Chicago, Chicago, Il linois 60607, USA

52 Northern Il linois University, DeKalb, Il linois 60115, USA
53 Northwestern University, Evanston, Il linois 60208, USA

54 Indiana University, Bloomington, Indiana 47405, USA
55 University of Notre Dame, Notre Dame, Indiana 46556, USA
56 Purdue University Calumet, Hammond, Indiana 46323, USA

57 Iowa State University, Ames, Iowa 50011, USA
58 University of Kansas, Lawrence, Kansas 66045, USA

59 Kansas State University, Manhattan, Kansas 66506, USA
60 Louisiana Tech University, Ruston, Louisiana 71272, USA

61 University of Maryland, College Park, Maryland 20742, USA
62 Boston University, Boston, Massachusetts02215, USA

63 Northeastern University, Boston, Massachusetts02115, USA
64 University of Michigan, Ann Arbor, Michigan 48109, USA

65 Michigan State University, East Lansing, Michigan 48824, USA
66 University of Mississippi, University, Mississippi 38677, USA

67 University of Nebraska, Lincoln, Nebraska 68588, USA
68 Princ eton University, Princ eton, New Jersey 08544, USA

69 State University of New York, Bu�alo, New York 14260, USA
70 Columbia University, New York, New York 10027, USA

71 University of Rochester, Rochester, New York 14627, USA
72 State University of New York, Stony Brook, New York 11794, USA

73 Brookhaven National Laboratory, Upton, New York 11973, USA
74 Langston University, Langston, Oklahoma 73050, USA

75 University of Oklahoma, Norman, Oklahoma 73019, USA
76 Oklahoma State University, Stil lwater, Oklahoma 74078, USA

77 Brown University, Providence, Rhode Island 02912, USA
78 University of Texas, Arlington, Texas 76019, USA

79 Southern Methodist University, Dal las, Texas 75275, USA
80 Rice University, Houston, Texas 77005, USA

81 University of Vir ginia, Charlottesvil le, Vir ginia 22901, USA
82 University of Washington, Seattle, Washington 98195, USA

(Dated: September 27, 2006)

We present a measurement of the top quark mass with the Matrix Element method in the lep-
ton+jets �nal state. As the energy scale for calorimeter jets represents the dominant source of
systematic uncertainty, the Matrix Element lik elihood is extended by an additional parameter,
which is de�ned as a global multiplicativ e factor applied to the standard energy scale. The top
quark mass is obtained from a �t that yields the combined statistical and systematic jet energy
scale uncertainty. Using a data set of 370pb � 1 taken with the D0 experiment at Run I I of the
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Fermilab Tevatron Collider, the massof the top quark is measuredusing topological information to
be:

m ` +jets
top (top o) = 169:2+5 :0

� 7:4 (stat : + JES) +1 :5
� 1:4 (syst:) GeV ;

and when information about identi�ed b jets is included:

m ` +jets
top (b-tag) = 170:3+4 :1

� 4:5 (stat : + JES) +1 :2
� 1:8 (syst:) GeV :

The measurements yield a jet energy scaleconsistent with the referencescale.

PACS numbers: 14.65.Ha, 12.15.Ff

I. INTR ODUCTION

The origin of massof the elementary fermions of the
standard model is one of the central questions in par-
ticle physics. Of the six known quark 
a vors, the top
quark is unique in that its masscan be measuredto the
percent-level with the current data of the Fermilab Teva-
tron Collider. There is particular interest in a precision
measurement of the top quark massbecauseof its domi-
nant contribution in loop corrections to electroweak ob-
servablessuch as the � parameter. Within the standard
model, a precise determination of the top quark mass
in combination with existing electroweak data can place
signi�can t constraints on the massof the Higgsboson[1].

To date, proton-antiproton collisions at the Fermilab
Tevatron Collider provide the only possibility to produce
top quarks. During Run I of the Tevatron in the 1990s,
at a proton-antiproton center-of-mass energy of

p
s =

1:8TeV, the top quark was discovered by the CDF and
D0 [2] experiments, and its masswasmeasured[3]. Since
the beginning of Run I I in 2002,the Tevatron is running
with an increasedluminosity at a center-of-massenergy
of

p
s = 1:96TeV. The CDF experiment has recently

published a measurement of the top quark mass using
Run I I data [4]. The �rst D0 measurement of the top
quark massat Run I I is described in this paper.

Top quarks are produced in proton-antiproton colli-
sionseither in pairs (production of t �t pairs via the strong
interaction) or singly (via the electroweak interaction).
Only the �rst processhasbeenobservedsofar and is used
to measurethe top quark mass. In the standard model,
the top quark essentially always decays to a b quark and
a real W boson. The topology of a t �t event is therefore
determined by the subsequent W bosondecays. The so-
called lepton+jets topology, where one W boson decays
to an electron or muon and the corresponding neutrino
while the other decays hadronically, allows the most pre-
cise experimental measurement of the top quark mass.
These events are characterized by an energetic, isolated
electron or muon (charge conjugate modesare implicitly
included throughout this paper), missing transverseen-
ergy relative to the beamline from the neutrino, and four
energetic jets.

This paper describesa measurement of the top quark
masswith the D0 detector, using lepton+jets events from
370pb� 1 of data collectedduring Run I I of the Fermilab
Tevatron Collider. To make maximal use of kinematic

information, the events selectedare analyzed with the
Matrix Element method. This method wasdeveloped by
D0 for the Run I measurement of the top quark mass[5]
and led to the single most precisemeasurement during
Run I. For each event, a probabilit y is calculated as a
function of the top quark massthat this event hasarisen
from t�t production. A similar probabilit y is computed for
the main background process,which is the production of
a leptonically decaying W bosonproduced in association
with jets. The detector resolution is taken into account in
the calculation of theseprobabilities. The top quark mass
is then extracted from the joint probabilit y calculated for
all selectedevents. To reducethe sensitivity to the energy
scaleof the jets measuredin the calorimeter, the Matrix
Element method has beenextended so this scalecan be
determinedsimultaneously with the top quark massfrom
the sameevent sample[4, 6].

The paper is organized as follows. Section I I gives
a brief overview of the D0 detector. The event recon-
struction, selection,and simulation are discussedin Sec-
tion I I I. A detailed description of the Matrix Element
method is given in Section IV. The top quark mass �t
is described in Sections V and VI for the analysesbe-
fore and after the useof b-tagging information, and Sec-
tion VI I lists the systematic uncertainties. Section VI I I
summarizesthe results.

I I. THE D0 DETECTOR

We usea right-handed coordinate systemwhoseorigin
is at the center of the detector, with the proton beam
de�ning the positive z direction. The D0 detector con-
sists of a magnetic central-trac king system, comprising
a silicon microstrip tracker (SMT) and a central �b er
tracker (CFT), both located within a 2 T superconduct-
ing solenoidal magnet [7]. The SMT has � 800; 000 in-
dividual strips, with typical pitch of 50 � 80 � m, and a
designoptimized for tracking and vertexing capability at
pseudorapiditiesof j� j < 2:5. The systemhasa six-barrel
longitudinal structure, each with a set of four layers ar-
ranged axially around the beam pipe, and interspersed
with 16 radial disks. The CFT has eight thin coaxial
barrels, each supporting two doubletsof overlapping scin-
tillating �b ers of 0.835mm diameter, one doublet being
parallel to the collision axis, and the other alternating by
� 3� relative to the axis. Light signalsare transferred via
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clear �b ers to solid-state photon counters (VLPC) that
have � 80% quantum e�ciency .

Central and forward preshower detectors located just
outside of the superconducting coil (in front of the
calorimetry) are constructed of several layersof extruded
triangular scintillator strips that are read out using
wavelength-shifting �b ers and VLPCs. The next layer of
detection involves three liquid-argon/uranium calorime-
ters: a central section (CC) covering j� j up to � 1:1,
and two end calorimeters (EC) that extend coverageto
j� j � 4:2, all housedin separatecryostats [8]. In addition
to the preshower detectors, scintillators betweenthe CC
and EC cryostatsprovide sampling of developingshowers
at 1:1 < j� j < 1:4.

A muon system [9] is located beyond the calorimetry
and consistsof a layer of tracking detectorsand scintilla-
tion trigger counters before1.8T iron toroids, followedby
two similar layers after the toroids. Tracking at j� j < 1
relieson 10 cm wide drift tubes[8], while 1 cm mini-drift
tubesare usedat 1 < j� j < 2.

Luminosity is measuredusingplastic scintillator arrays
located in front of the EC cryostats, covering 2:7 < j� j <
4:4. Trigger and data acquisition systemsare designedto
accommodate the high luminosities of Run I I. Basedon
preliminary information from tracking, calorimetry, and
muon systems,the output of the �rst level of the trigger
is usedto limit the rate for acceptedevents to � 2 kHz.
At the next trigger stage,with more re�ned information,
the rate is reduced further to � 1 kHz. These �rst two
levelsof triggering rely mainly on hardwareand �rm ware.
The third and �nal level of the trigger, with accessto
all the event information, usessoftware algorithms and a
computing farm, and reducesthe output rate to � 50 Hz,
which is written to tape.

I I I. EVENT RECONSTR UCTION, SELECTION,
AND SIMULA TION

This paper describes the analysis of 370pb� 1 of data
taken betweenApril 2002and August 2004. Events con-
sideredfor the analysis must initially passtrigger condi-
tions requiring the presenceof an electron or muon and
a jet. In the e+jets trigger, an electron with transverse
momentum pT > 15GeV within j� j < 1:1 is required. In
addition, a jet reconstructedusing a conealgorithm with
radius � R �

p
(� � )2 + (� � )2 = 0:5 is required, with a

minimum jet transverseenergy, ET , of 15 or 20GeV de-
pending on the period of data taking. In the � +jets trig-
ger, a muon detectedoutside the toroidal magnet (corre-
sponding to an e�ectiv e minimum momentum of around
3GeV) is required, along with a jet with transverseen-
ergy ET of at least 20 or 25GeV, depending on the data
taking period.

The o�ine reconstruction and selection of the events
is described in detail in the following sections. The kine-
matic selection criteria are also summarized in Table I.
A total of 86 e+jets and 89 � +jets events are selected.

charged lepton
ET > 20GeV
pT > 20GeV

j� j < 1:1 (electrons)
j� j < 2:0 (muons)

exactly 4 jets ET > 20GeV j� j < 2:5

missing transverseenergy E=T > 20GeV

TABLE I: A summary of the kinematic event selection. In
addition, qualit y and isolation criteria are applied.

A. Charged Lepton Selection

Candidates for a charged lepton from W decay are re-
quired to have a transverse momentum pT of at least
20GeV and must be within j� j < 1:1 for electrons and
j� j < 2:0 for muons. In addition, charged leptons have to
passquality and isolation criteria described below.

Electrons must deposit at least 90% of their energy in
the electromagnetic calorimeter within a cone of radius
� R = 0:2 around the shower axis. The transverseand
longitudinal shower shapesmust be consistent with those
expected for an electron, basedon Monte Carlo simula-
tion, with e�ciencies corrected for observed di�erences
between data and Monte Carlo. A good spatial match
of the reconstructed track in the tracking system and
the shower position in the calorimeter is required. Elec-
trons must be isolated, i.e., the energyin the hollow cone
0:2 < � R < 0:4 around the shower axis must not exceed
15%of the electronenergy. Finally, a likelihood is formed
by combining the abovevariableswith information about
the impact parameter of the matched track relative to
the primary interaction vertex, the number of tracks in
a conewith radius � R = 0:05 around the electron can-
didate, the pT of tracks (excluding the track matched to
the electron) within a cone with radius � R = 0:4, and
the number of strips in the central preshower detector
associated with the electron. The value of this likelihood
is required to be consistent with expectations for high-pT
isolated electrons.

For each muon, a match of muon track segments in-
sideand outside the toroid is required. The timing infor-
mation from scintillator hits associated with the muon
must be consistent with that of a particle produced in
the p�p collision, thereby rejecting cosmic rays. A track
reconstructed in the tracking systemand pointing to the
event vertex is required to be matched to the track in
the muon system. The muon must be separated from
jets, satisfying � R(�; jet) > 0:5 for all jets in the event.
Finally, the muon must passan isolation criterion based
on the energy of calorimeter clusters and tracks around
the muon: The calorimeter transverseenergy in the hol-
low cone 0:1 < � R < 0:4 around the muon direction is
required to be lessthan 8% of the muon transversemo-
mentum, and the sum of transversemomenta of all other
tracks within a coneof radius � R = 0:5 around the muon
direction must be smaller than 6% of the muon pT .
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B. Jet Reconstruction and Selection

Jets are de�ned using a cone algorithm with radius
� R = 0:5. They are required to have pseudorapidity
j� j < 2:5. Calorimeter cells with negative energyor with
energy below four times the width of the averageelec-
tronics noiseare suppressed(unless they neighbor a cell
of high positive energy, where the threshold is lowered
by a factor of two) in order to improve the calorimeter
performance. In the reconstruction, jets are considered
only if they have a minimum raw energy of 8GeV. Jets
must then passthe following quality requirements:

� the energy reconstructed in the electromagnetic
part of the calorimeter must be between 5% and
95% of the total jet energy;

� the fraction of energy in the outer hadronic
calorimeter must be below 40%;

� the energy ratio of the most and secondmost en-
ergetic calorimeter cells in the jet must be below
10;

� the most energeticcalorimeter cell must not contain
more than 90% of the jet energy;

� the jet is required to be con�rmed by the indepen-
dent trigger readout; and

� jets within � R < 0:5 of an isolated electromagnetic
object (electron or photon) with ET > 15GeV re-
constructed in the calorimeter are rejected. The
electromagnetic objects used here are obtained
with a selection similar to the electron selection
described in Section I I I A, but without the require-
ment of a track match or a cut on the likelihood.

The analysis is restricted to events with exactly four
jets; these four jets must each have ET > 20GeV af-
ter jet energyscalecorrection, which is described below.
The motivation for the requirement of four jets is that
for each event, a signal probabilit y Psig is calculated us-
ing a leading-order matrix element for t �t production, as
described below in Section IV C. Decays in which addi-
tional radiation is emitted aswell as t �t pairs produced in
association with other jets are not modeled in the prob-
abilit y.

C. Jet Energy Scale

The measuredenergy E reco
jet of a reconstructed jet is

given by the sum of energiesdeposited in the calorime-
ter cells associated with the jet by the cone algorithm.
The energy E corr

jet of the jet before interaction with the
calorimeter is obtained from the reconstructed jet energy
as

E corr
jet =

E reco
jet � Eo�

Rcal Ccone
: (1)

The correctionsare applied to account for several e�ects:

� Energy O�set E o� : Energy in the clusteredcells
which is due to noise, the underlying event, multi-
ple interactions, energypile-up, and uranium noise
lead to a global o�set of jet energies. This o�set
Eo� is determined from energy densities in mini-
mum bias events.

� Showering Corrections C cone : A fraction of the
jet energy is deposited outside of the �nite-size jet
cone. Jet energy density pro�les are analyzed to
obtain the corresponding correction Ccone .

� Calorimeter Resp onse R cal : Jets consist of
di�eren t particles (mostly photons, pions, kaons,
(anti-)protons, and neutrons), to which the
calorimeter responsedi�ers. Furthermore, the en-
ergy reponse of the calorimeter is slightly nonlin-
ear. The responseRcal is determined from 
 +jets
events by requiring transversemomentum balance.
The photon energyscaleis assumedto be identical
to the electron scaleand is measuredindependently
using Z ! ee events.

Note that E corr
jet is not the parton energy: the parton may

radiate additional quarks or gluonsbeforehadronization,
which may or may not end up in the jet cone. The rela-
tion betweenthe jet and parton energiesis parameterized
with a transfer function, seeSectionIV B. The jet energy
scaleis determined separately for data and Monte Carlo
jets. The scaledependsboth on the energyof the jet and
on the pseudorapidity. All jet energiesin data and Monte
Carlo events are corrected according to the appropriate
jet energyscale,and thesecorrections are propagated to
the missing transverseenergy, seeSection I I I D.

The uncertainty on the jet energyscalewas the domi-
nating systematicuncertainty on most previousmeasure-
ments of the top quark mass. To reducethis systematic
uncertainty, information from the jets arising from the
hadronic W decay can be used to determine an overall
jet energyscalefactor, J ES, simultaneously with the top
quark mass. A value of J ES 6= 1 meansthat all jet ener-
giesneedto be scaledby a factor of J ES relative to the
referencescaledescribed above.

D. Missing Transv erse Energy

Neutrinos can only be identi�ed indirectly by the im-
balanceof the event in the transverseplane. This imbal-
anceis reconstructedfrom the vector sum of all calorime-
ter cells with signi�can t energy (cf. Section I I I B). The
missingtransverseenergyis correctedfor the energyscale
of jets and for muons in the event. Only events with
E=T > 20GeV are considered.

In addition, a cut on the di�erence � � between the
azimuthal anglesof the lepton momentum and the miss-
ing transverseenergy vector is imposedto reject events
in which the transverseenergyimbalanceoriginates from
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a poor lepton energy measurement. This requirement
dependson the scalar value of E=T and is

� � (e; E=T ) > 0:7� �
0:045
GeV

E=T (2)

in the e+jets channel and

� � (�; E=T ) > 0:1�
�

1 �
E=T

50GeV

�
and

� � (�; E=T ) < � � 0:2�
�

1 �
E=T

30GeV

�
(3)

in the � +jets channel.

E. b Jet Iden ti�cation

A t�t event contains two b jets, while jets produced in
association with W bosonspredominantly originate from
light quarks or gluons. The signal to background ratio is
therefore signi�can tly enhancedwhen requiring that one
or more of the jets be identi�ed as b jets (b-tagged). D0
developeda lifetime basedb-tagging algorithm referredto
as SVT [10]. The algorithm starts by identifying tracks
with signi�can t impact parameter with respect to the
primary vertex. Only tracks that are displacedby more
than two standard deviations are considered. The algo-
rithm then requires that these tracks form a secondary
vertex displacedby more than seven standard deviations
from the primary vertex. For each track participating
in secondaryvertex reconstruction its impact parameter
must have a positive projection onto the jet axis. Tracks
with a negative projection appear to originate from be-
hind the primary vertex, which is a sign of a mismeasure-
ment. Tracks with negative impact parameter are used
to quantify the mistagging probabilit y.

The performanceof the SVT algorithm is extensively
testedon data. The b-tagging e�ciency is veri�ed on a di-
jet data samplewhoseb jet content is enhancedby requir-
ing that one of the jets be associated with a muon. The
distribution of the transverse momentum of the muon
relative to the associated jet axis is used to extract the
fraction of b jets before and after tagging. The proba-
bilit y to tag a light quark jet (mistag rate) is inferred
from the rate of secondaryverticeswith negative impact
parameter, corrected for the contribution of heavy 
a vor
jets to such tagsand the presenceof long-livedparticles in
light quark jets. Both correctionsarederivedfrom Monte
Carlo simulation. Both the b-jet tagging e�ciency � jet (b)
and the light-jet tagging rate � jet (u; d; s; g) are pa-
rameterizedas functions of the transversejet energyand
pseudorapidity. The e�ciency � jet (c) to tag a c quark
jet is estimated basedon the Monte Carlo prediction for
the b to c-jet tagging e�ciency ratio. Theseparameteri-
zations are used to predict the probabilit y for a jet of a
certain 
a vor to be tagged.

F. Sim ulation

Large samples of Monte Carlo simulated events are
used to determine the detector resolution, to calibrate
the method, and to cross-check the results for the top
quark massobtained in the data. The alpgen [11] event
generator is used for both signal and background simu-
lation. The hadronization and fragmentation processis
simulated using pythia [12]. Signal t �t events are sim-
ulated for top quark massvalues of 160, 170, 175, 180,
and 190 GeV. The main background is from W +4 jets
events.

All simulated events arepassedthrough a detailed sim-
ulation of the detector responseand are then subjected
to the sameselectioncriteria as the data. The probabil-
it y that a simulated event would have passedthe trigger
conditions is calculated, taking into account the relative
integrated luminosities for which the various trigger con-
ditions were in use. This probabilit y is typically between
0.9 and 1 and is accounted for when simulated events are
usedin this analysis.

Background from QCD multijet processeshasnot been
generated in the simulation; instead, events that pass
a selection with reversed isolation cuts for the charged
lepton have beenusedto model this background.

G. Sample comp osition

Even though the Matrix Element method yields the t �t
content f top of the selecteddata sample together with
the top quark massand jet energyscale,an independent
estimateof the samplepurit y is obtained usinga topolog-
ical likelihood discriminant, as described in this section.
This result for the samplecomposition doesnot directly
enter in the top quark mass�t; it is usedonly

� to obtain the relative normalization of the signal
and background probabilities as described in Sec-
tion IV D | this allows �tting the sample purit y
without large corrections to the result | and

� to choosethe sample purit y in ensemble tests (cf.
SectionsV B, V C, and VI B) accordingto the sam-
ple composition in the data | in order to compute
the expected �t uncertainties.

The relative contributions of t �t, W +jets, and QCD
multijet events to the selected data sample are deter-
mined before b tagging is applied. A likelihood discrimi-
nant basedon topological variablesis calculated for every
selectedevent. The technique is the sameas described
in [13]. A �t to the observed distribution yields the frac-
tions of t �t, W +jets, and multijet events in the data sam-
ple, separately for e+jets and � +jets events. The �ts
are shown in Figure 1, and the results are summarized
in Table I I. Note that becauseof di�erences betweenthe
selection criteria of e+jets and � +jets events (most no-
tably, the j� j requirement, but also the criteria for select-
ing isolated leptons), the numbersof selectedt �t, W +jets,
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FIG. 1: Distribution of the topological lik elihood for the
370pb� 1 D0 Run I I data sample. The distribution for e+jets
events is shown in plot (a) and for � +jets events in plot (b).
The points with error bars indicate the data, and the �t-
ted fractions of t �t events (open area), W +jets events (di-
agonally hatched), and QCD multijet events (horizontally
hatched area) are superimposed.

and QCD events in the two channelsare not expected to
be equal.

The relative contributions from background events
with a W boson and four jets with di�eren t 
a vor com-
position are estimated using the alpgen generator. The
fractions f � of each of the six 
a vor con�gurations � =
j j j j , b�bj j , c�cj j , (b�b)j j j , (c�c)j j j , and cj j j are listed in
Table I I I [10]. The symbol j denotesa light jet not con-
taining a charm or bottom quark, and the symbols (b�b)
and (c�c) refer to situations wheretwo heavy 
a vor quarks
end up in the same jet. These fractions are obtained
without a b-tagging requirement; in the b-tagging anal-
ysis where the event sample is divided into three classes
according to the number of b-tagged jets per event (cf.
Section VI A), the individual numbers for each of the

channel Nevts N top o
top f top o

top f top o
QCD

e+jets 86 40:6 + 9:4
� 9:1

�
47:2 +10 :9

� 10:6

�
%

�
17:6 + 2:4

� 2:2

�
%

� +jets 89 25:8 + 8:6
� 8:1

�
29:0 + 9:7

� 9:1

�
%

�
5:1 + 0:9

� 0:8

�
%

`+jets 175 66:4 +12 :7
� 12:2

�
37:9 + 7:3

� 7:0

�
% (11:3 � 1:2) %

TABLE I I: Composition of the e+jets, � +jets, and `+jets
data samples,estimated with the topological lik elihood tech-
nique. The fractions are constrained as f top o

top + f top o
W +jets +

f top o
QCD = 1.

Contribution W + � 4 jets
W b�bj j (2:72 � 0:11) %
W c�cj j (4:31 � 0:20) %
W (b�b)j j j (2:70 � 0:15) %
W (c�c)j j j (4:69 � 0:36) %
W cj j j (4:88 � 0:17) %
W j j j j (80:71 � 0:43) %

TABLE I I I: Fractions f � of di�eren t 
a vor subprocessescon-
tributing to the W +jets sample.

three separateclassesare signi�can tly di�eren t.

IV. THE MA TRIX ELEMENT METHOD

In this section, the measurement of the top quark mass
using the Matrix Element method is described. The
method is similar to the one of [5]; however, the calcula-
tion of the signal probabilit y has been revised, the nor-
malization of the background probabilit y is determined
di�eren tly , and the method now allows a simultaneous
measurement of the top quark massand the jet energy
scale[6].

An overview of the Matrix Element method is given
in Section IV A. Section IV B describes how b-tagging
information is used in the analysis and discussesthe pa-
rameterization of the detector response. Details on the
computation of the probabilities Psig and Pbkg are given
in SectionsIV C and IV D.

A. The Ev ent Probabilit y

To make maximal useof the kinematic information on
the top quark mass contained in the event sample (or
each individual event category in the caseof the analysis
using b-tagging information), for each selectedevent a
probabilit y Pevt that this event is observed is calculated
as a function of the assumedtop quark massand jet en-
ergy scale. The probabilities from all events are then
combined to obtain the sampleprobabilit y as a function
of assumedmassand jet energyscale,and the top quark
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mass measurement is extracted from this sample prob-
abilit y. To make the probabilit y calculation tractable,
simplifying assumptionsin the description of the physics
processesand the detector response are intro duced as
described in this section. Before applying it to the data,
the measurement technique is calibrated using fully sim-
ulated events in the D0 detector, and the assumptionsin
the description of the physicsprocessesare accounted for
by systematic uncertainties.

It is assumedthat the physics processesthat can lead
to the observed event do not interfere. The probabilit y
Pevt then in principle has to be composedfrom probabil-
ities for all theseprocessesas

Pevt =
X

pro cesses i

f i Pi ; (4)

where Pi is the probabilit y for a given processi and f i

denotes the fraction of events from that processin the
event sample. In this analysis, Pevt is composed from
probabilities for two processes,t �t production and W +jets
events, as

Pevt (x; mtop ; J ES; f top ) = f top Psig (x; mtop ; J ES)

+(1 � f top ) Pbkg (x; J ES) : (5)

Here, x denotesthe kinematic variablesof the event, f top

is the signal fraction of the event sample, and Psig and
Pbkg are the probabilities for t �t and W +jets production,
respectively. The largestbackground contribution is from
W +jets events. Therefore, Pbkg is taken to be the prob-
abilit y for W +jets production. Contributions from QCD
multijet events are not treated explicitly and are consid-
ered as a systematic uncertainty. The signal probabilit y
Psig accounts for both possible
a vor compositions in the
hadronic W decay in `+jets t �t events, W ! ud

0
and

W ! cs0:

Psig =
1
2

�
PW ! ud

0

sig + PW ! cs0

sig

�
: (6)

Becausethe event kinematics are the same, both �nal
states are treated simultaneously in the probabilit y cal-
culation.

To evaluate the t �t probabilit y, all con�gurations of t �t
decay products that could have led to the observed event
x are considered.This includesdi�eren t hadronic W de-
cays as discussedabove and all possiblecon�gurations y
of the �nal state particles' four-momenta. The probabil-
it y density for given partonic �nal state four-momenta
y to be produced in the hard scattering processis pro-
portional to the di�eren tial crosssectiond� of the corre-
sponding process,given by

d� (q�q! t �t ! y; mtop ) =
(2� )4 jM (q�q! t �t ! y)j2

q1q2s
d� 6 :

(7)

The symbol M denotesthe matrix element for the pro-
cessq�q ! t �t ! b(`� )b(qq0), s is the center-of-mass en-
ergy squared, q1 and q2 are the momentum fractions of

the colliding partons (which are assumedto be massless)
within the colliding proton and antiproton, and d� 6 is
an element of six-body phasespace.Here the symbol qq0

stands for ud
0

or cs0.

To obtain the di�eren tial crosssection d� (p�p ! t �t !
y; mtop ) in p�p collisions, the di�eren tial cross section
from equation (7) is convoluted with the parton density
functions (PDF) for all possible 
a vor compositions of
the colliding quark and antiquark,

d� (p�p ! t �t ! y; mtop ) (8)

=
Z

q1 ;q2

X

q1 ; q2


a vors

dq1dq2 f (q1) f (q2)

d� (q�q ! t �t ! y; mtop ) ;

where f (q) denotesthe probabilit y density to �nd a par-
ton of given 
a vor and momentum fraction q in the pro-
ton or antiproton.

The �nite detector resolution is taken into account via
a convolution with a transfer function W (x; y; J ES) that
describes the probabilit y to reconstruct a partonic �nal
state y asx in the detector. The di�eren tial crosssection
to observe a given reconstructed t �t event then becomes

d� (p�p ! t �t ! x; mtop ; J ES) (9)

=
Z

y

d� (p�p ! t �t ! y; mtop )W (x; y; J ES) :

BecausePsig describes `+jets t �t events with both W !
ud

0
and W ! cs0 decays, the transfer function depends

on the quark 
a vors produced in the hadronic W decay
when b-tagging information is used. This is further dis-
cussedin Section IV B.

Only events that are inside the detector acceptance
and pass the trigger conditions and o�ine event selec-
tion are used in the measurement. The corresponding
overall detector e�ciency depends both on m top and on
the jet energy scale. This is taken into account in the
crosssection � obs of t �t events observed in the detector:

� obs(p�p ! t �t; mtop ; J ES) (10)

=
Z

x;y

d� (p�p ! t �t ! y; mtop )W (x; y; J ES)f acc(x) ;

wheref acc = 1 for selectedevents and f acc = 0 otherwise.

The di�eren tial probabilit y to observe a t �t event as x
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in the detector is then given by

Psig (x; mtop ; J ES) (11)

=
d� (p�p ! t �t ! x; mtop ; J ES)

� obs(p�p ! t �t; mtop ; J ES)

=
1

� obs(p�p ! t �t; mtop ; J ES)

�
Z

q1 ;q2 ;y

X

q1 ; q2


a vors

dq1dq2f (q1)f (q2)

(2� )4 jM (q�q ! t �t ! y)j2

q1q2s
d� 6

W (x; y; J ES) :

The parametrization of the matrix element and the com-
putation of Psig are described in Section IV C.

Similarly, the di�eren tial background probabilit y is
computed as

Pbkg (x; J ES) (12)

=
1

� obs(p�p! W + jets; J ES)

�
Z

q1 ;q2 ;y

X

q1 ; q2


a vors

dq1dq2 f (q1) f (q2)

(2� )4 jM (q�q ! W + jets ! y)j2

q1q2s
d� 6

W (x; y; J ES) ;

where the matrix element and the total observed cross
section for the processp�p ! W + jets have been used
accordingly. Since the matrix element for W +jets pro-
duction doesnot depend on mtop , Pbkg is independent of
mtop ; however, Pbkg in principle doesdepend on the jet
energyscalethrough the transfer function. Details about
the Pbkg calculation can be found in Section IV D.

To extract the top quark mass from a set of N mea-
suredevents x1; ::; xN , a likelihood function is built from
the individual event probabilities calculated accordingto
Equation (5) as

L (x1; ::; xN ; mtop ; J ES; f top ) (13)

=
NY

i =1

Pevt (x i ; mtop ; J ES; f top ) :

For every assumedpair of values(m top ; J ES), the value
f best

top that maximizes the likelihood is determined. The
top quark massand jet energyscaleare then obtained by
maximizing the likelihood

L
�
x1; ::; xN ; mtop ; J ES; f best

top (mtop ; J ES)
�

(14)

=
NY

i =1

Pevt
�
x i ; mtop ; J ES; f best

top (mtop ; J ES)
�

with respect to mtop and J ES, taking the correlation
betweenboth parameters into account.

B. Description of the Detector Resp onse

The transfer function W (x; y; J ES) relatesthe charac-
teristics y of the �nal state partons to the measurements
x in the detector. The symbol x denotesmeasurements
of the jet and charged lepton energiesor momenta and
directions as well as b-tagging information for the jets.
A parameterization of the detector resolution is used in
the probabilit y calculation becausethe full geant -based
simulation would be too slow. The full simulation is how-
ever usedto generatethe simulated events with which the
method is calibrated.

The transfer function is assumedto factorize into con-
tributions from each measured�nal state particle. The
anglesof all measuredt �t decay products as well as the
energy of electrons are assumedto be well-measured;in
other words, the transfer functions for these quantities
are given by � -distributions. This allows reducing the
dimensionality of the integration over 6-particle phase
spaceas described in Sections IV C and IV D. Conse-
quently , contributions to the integral only arise if the
directions of the quark momenta in the �nal state agree
with the measuredjet directions. In addition to the en-
ergy resolution, one has to take into account the fact
that the jets in the detector cannot be assignedunam-
biguously to a speci�c parton from the t �t decay. Conse-
quently , all 24 permutations of jet-quark assignments are
considered.

In this section, the general form of the transfer func-
tion in the topological and b-tagging analysesis �rst dis-
cussed,followed by a description of the jet energy and
muon transversemomentum resolutions.

1. Transfer Function in the Topological Analysis

If no b-tagging information is used, the transfer func-
tion W (x; y; J ES) is given by

W (x; y; J ES) (15)

= W�

�
(q=pT )rec

� ; (q=pT )gen
�

�

�
1
24

24X

i =1

� (angles)
4Y

j =1

Wjet (E jet j ; Equark k ; J ES) ;

whereW� and Wjet stand for factors describingthe muon
transversemomentum and jet energyresolutions, respec-
tiv ely. The sum is over the 24 di�eren t assignments of
jets j to partons k. The factor � (angles) denotes the �
distributions that ensurethat assumedand reconstructed
particle directions are identical, as discussedabove. For
e+jets events, the factor for the muon transversemomen-
tum resolution is replaced with another � -distribution.
The neutrino is not measuredin the detector and does
not enter the transfer function. The jet transfer functions
for light quark and charm jets are taken to be identical,
and in the calculation of the background probabilit y, all
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jets are assumedto be described by the light quark trans-
fer function. Becausethe matrix elements for W ! ud

0

and W ! cs0 decays are equal, and the di�eren t 
a vor
contributions to the W +jets processare all parameter-
ized by the W +jets matrix element without heavy 
a vor
quarks in the �nal state, no distinction betweendi�eren t
processesis necessaryin the topological analysis.

2. Transfer Function in the b-tagging Analysis

In the topological analysis, the information from the
reconstructed jet energiesdeterminesthe relative weight
of di�eren t jet-parton assignments for a given partonic
�nal state. The inclusion of b-tagging information allows
an improved identi�cation of the correct permutation.
This additional information enters the probabilit y calcu-
lation by weighting di�eren t permutations i of jet-parton
assignments with weights wi according to which jets, if
any, are b-tagged. This allows to give thosepermutations
a larger weight that assign tagged jets to b quarks and
untagged onesto light quarks. The transfer function is
thus

W (x; y; J ES) (16)

= W�

�
(q=pT )rec

� ; (q=pT )gen
�

�

�

24X

i =1

wi � (angles)
4Y

j =1

Wjet (E jet j ; Equark k ; J ES)

24X

i =1

wi

(with a � -distribution instead of the factor W� in the case
of e+jets events).

The weight wi for a permutation i is parameterizedas
a product of individual weights wi (j ) for each jet. The
latter are a function of the jet 
a vor hypothesis � k and
the jet transverseenergyET ;j and pseudorapidity � j . For
taggedjets, wi (j ) is equal to the per-jet tagging e�ciency
� jet (� k ; ET ;j ; � j ) where � k labels the three possiblepar-
ton assignments to the jet: (a) b quarks, (b) c quarks,
and (c) light quarks or gluons. For untagged jets, the
wi (j ) factors are equal to 1 � � jet (� k ; ET ;j ; � j ). If an
event does not contain any b-tagged jet, all the weights
wi (j ) are set to 1.0.

To compute the signal probabilit y of events containing
b-taggedjets, assumptionson the jet 
a vors are madefor
the calculation of the wi such that hadronic W decays to
ud

0
and cs0 �nal states neednot be distinguished in the

matrix element, allowing for a reduction of the computa-
tion time. If an event contains exactly one b-tagged jet,
the quarks from the hadronic W decay are both assumed
to be light quarks (u, d, or s). This is justi�ed since the
tagging e�ciencies for b jets are much larger than those
for other 
a vors, and there are two b jets per event. For
events with two or more b-tagged jets, a charm jet from
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FIG. 2: Monte Carlo study of the e�ect of charm-jet tagging
on the signal to background probabilit y ratio in the b-tagging
analysis, for t �t events generated with m top = 175GeV that
contain two b-tagged jets. The Psig values are calculated for
the assumption m top = 175GeV. (a) Only the two jet-parton
assignments in which tagged jets are assignedto b quarks are
considered. (b) All weighted jet parton-assignments enter the
probabilit y calculation. In both plots, the hatched histogram
corresponds to those caseswhere the two b-tagged jets are
correctly assigned to b quarks, which happens 84% of the
time in the double tag sample.

the hadronic W decay is tagged in a non-negligible frac-
tion of cases.Consequently , the quarks from the hadronic
W decay are assumedto be charm quarks if the corre-
sponding jet hasbeentagged,and light quarksotherwise.

The need to include jet-parton assignments with a
tagged charm jet in the probabilit y calculation can be
seenby comparing the signal and background probabili-
ties. Figure 2(a) shows the ratio of signal to background
probabilities calculated in a large sample of simulated
t�t events with two b-tagged jets when only the two jet-
parton assignments in which tagged jets are assignedto
b quarks are consideredin the signal probabilit y calcu-
lation. The hatched histogram shows the correct assign-
ments only, whereasthe open histogram shows all combi-
nations, including the onesin which a charm quark from
the W decay was tagged. Figure 2(b) shows the same
ratio when all combinations are included with their cor-
responding weight as discussedabove. The tail for low
signal to background probabilit y ratios in Fig. 2(a) arises
becausethe correct jet-parton assignment is not included
in the calculation in events where one of the tagged jets
comesfrom a charm quark. It clearly shows the needto
include theseassignments in the signal probabilit y calcu-
lation.

Because the di�eren t 
a vor contributions to the
W +jets processare parameterizedby the W +jets matrix
element without heavy 
a vor quarks in the �nal state, the
weights wi for the background probabilit y are all equal
even if b-tagged jets are present. Therefore, the back-
ground probabilit y calculated for the topological analysis
is used in the b-tagging analysis without modi�cations.
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3. Parameterization of the Jet Energy Resolution

The transfer function for calorimeter jets,
Wjet (E j ; Eq; J ES), yields the probabilit y for a measure-
ment E j in the detector if the true quark energy is Eq.
For the caseJ ES = 1, it is parameterizedas

Wjet (E j ; Eq; J ES= 1) =
1

p
2� (p2 + p3p5)

� (17)

"""

exp
�

�
[(E j � Eq) � p1]2

2p2
2

�
+ p3 exp

�
�

[(E j � Eq) � p4]2

2p2
5

� ###

:

The parameterspi are themselvesfunctions of the quark
energy, and are parameterizedas linear functions of the
quark energy so that

pi = ai + Eq � bi ; (18)

with a3 set to 0.
The parameters ai and bi are determined from simu-

lated events, after all jet energy corrections have been
applied. The parton and jet energiesare fed to an un-
binned likelihood �t that minimizes the � 2 of the �t to
Equation (17) with respect to ai and bi . A di�eren t set of
parametersis derived for each of four � regions: j� j < 0:5,
0:5 < j� j < 1:0, 1:0 < j� j < 1:5, and 1:5 < j� j < 2:5, and
for three di�eren t quark varieties: light quarks (u, d, s,
c), b quarks with a soft muon tag in the associated jet,
and all other b quarks. A total of 120 parameters de-
scribe the transfer function for all jets, and are given in
Tables IV and V. The transfer function for light quarks
in the region j� j < 0:5 is shown in Fig. 3.

For J ES 6= 1, the jet transfer function is modi�ed as
follows:

Wjet (E j ; Eq; J ES) =
Wjet ( E j

J E S ; Eq; 1)
J ES

: (19)

j� j region
par < 0:5 0:5 � 1:0 1:0 � 1:5 > 1:5
a1 � 3:00� 10� 1 7:30� 10� 1 4:00� 100 1:01� 101

b1 � 2:80� 10� 2 � 5:20� 10� 2 � 1:08� 10� 1 � 1:16� 10� 1

a2 3:47� 100 2:05� 100 2:65� 100 5:54� 100

b2 9:70� 10� 2 1:44� 10� 1 1:51� 10� 1 1:22� 10� 1

a3 0.0 0.0 0.0 0.0
b3 3:73� 10� 4 3:98� 10� 4 7:74� 10� 4 1:06� 10� 3

a4 1:81� 101 2:23� 101 1:71� 101 3:77� 101

b4 � 1:70� 10� 1 � 1:57� 10� 1 3:09� 10� 2 � 1:54� 10� 1

a5 1:71� 101 1:98� 101 2:00� 101 2:91� 101

b5 9:70� 10� 2 8:04� 10� 2 5:61� 10� 2 � 4:45� 10� 2

TABLE IV: Light quark transfer function parameters (ai in
GeV).

j� j region
par < 0:5 0:5 � 1:0 1:0 � 1:5 > 1:5
a1 � 5:08� 100 � 2:38� 100 0:68� 10� 1 3:30� 100

b1 2:40� 10� 3 � 6:50� 10� 2 � 1:24� 10� 1 � 3:37� 10� 1

a2 3:80� 100 2:40� 100 9:10� 10� 1 1:32� 101

b2 8:70� 10� 2 1:55� 10� 1 1:81� 10� 1 1:32� 10� 1

a3 0.0 0.0 0.0 0.0
b3 2:12� 10� 3 3:49� 10� 4 7:46� 10� 4 4:06� 10� 2

a4 2:23� 10� 1 2:62� 101 1:17� 101 � 1:90� 100

b4 � 1:81� 10� 1 � 4:07� 10� 1 � 7:50� 10� 2 � 5:09� 10� 2

a5 1:12� 101 2:01� 101 1:80� 101 3:42� 100

b5 1:12� 10� 1 1:22� 10� 1 7:50� 10� 2 1:34� 10� 1

j� j region
par < 0:5 0:5 � 1:0 1:0 � 1:5 > 1:5
a1 1:10� 101 4:97� 100 1:29� 101 1:36� 101

b1 � 1:33� 10� 1 5:30� 10� 3 � 1:65� 10� 1 � 1:32� 10� 1

a2 2:99� 100 3:85� 100 4:02� 100 5:42� 100

b2 1:18� 10� 1 4:00� 10� 2 1:25� 10� 1 1:18� 10� 1

a3 0.0 0.0 0.0 0.0
b3 3:02� 10� 4 1:14� 10� 2 4:30� 10� 4 2:42� 10� 4

a4 4:53� 101 1:33� 101 4:51� 101 7:18� 101

b4 � 4:54� 10� 1 � 1:91� 10� 1 � 2:15� 10� 1 � 1:24� 10� 1

a5 1:58� 101 5:60� 100 1:39� 101 1:64� 101

b5 2:25� 10� 1 1:35� 10� 1 1:42� 10� 1 3:40� 10� 2

TABLE V: b quark transfer function parameters for jets with-
out a muon (top) and for jets containing a muon (bottom) (ai

in GeV).

4. Parameterization of the Muon Momentum Resolution

To describe the resolution of the central tracking cham-
ber, the resolution of the chargedivided by the transverse
momentum of a particle is consideredas a function of
pseudorapidity. The muon transfer function is parame-
terized as

W�

�
(q=pT )rec

� ; (q=pT )gen
�

�
(20)

=
1

p
2� �

exp

2

4�
1
2

 
(q=pT )rec

� � (q=pT )gen
�

�

! 2
3

5 ;

where q denotes the charge and pT the transverse mo-
mentum of a generated(gen) muon or its reconstructed
(rec) track. The resolution

� =

8
<

:

� 0 for j� j � � 0

q
� 2

0 + [c(j� j � � 0)]2 for j� j > � 0

(21)

is obtained from muon tracks in simulated events with
the following values:

� 0 = 2:760� 10� 3=GeV

c = 5:93� 10� 3=GeV (22)

� 0 = 1:277 :
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FIG. 3: Jet transfer functions for light quark jets, 0:0 <
j� j < 0:5, for parton energiesEp = 30GeV (solid), 60GeV
(dashed), and 90GeV (dash-dotted curve). The parametriza-
tion corresponds to the referencejet energy scale,J E S = 1:0.

The muon charge is not usedin the calculation of Psig
and Pbkg ; however, for muons with large transversemo-
mentum it is important to take the possibility of charge
misidenti�cation into account in the transfer function.

C. Calculation of the Signal Probabilit y Psig

The leading order matrix element for the processq�q !
t �t is taken to compute Psig . Neglecting spin correlations,
the matrix element is given by [14]

jM j2 =
g4

s

9
F F

�
2 � � 2s2

qt

�
; (23)

where g2
s =(4� ) = � s is the strong coupling constant, � is

the velocity of the top quarks in the t �t rest frame, and sqt

denotesthe sine of the angle between the incoming par-
ton and the outgoing top quark in the t �t rest frame. If the
top quark decay products include the leptonically decay-
ing W , while the antitop decay includes the hadronically
decaying W , one has

F =
g4

w

4

 
m2

b`� � m2
`�

(m2
b`� � m2

t )2 + (mt � t )
2

!

�

 
m2

b`�

�
1 � ĉ2

b`

�
+ m2

`� (1 + ĉb` )
2

(m2
`� � m2

W )2 + (mW � W )2

!

; (24)

F =
g4

w

4

0

B
@

m2
bdu

� m2
du

�
m2

bdu
� m2

t

� 2
+ (mt � t )

2

1

C
A

�

0

@
m2

bdu

�
1 � ĉ2

bd

�
+ m2

du

�
1 + ĉbd

� 2

(m2
du � m2

W )2 + (mW � W )2

1

A (25)

(for the other case,replace b $ b, ` $ d, and � $ u).
Here, gw denotesthe weak charge (GF =

p
2 = g2

w =8m2
W ),

mt and mW are the massesof the top quark (which is
to be measured)and the W boson, and � t and � W are
their widths. Invariant top and W massesin a particular
event are denoted by mxy z and myz , respectively, where
x, y, and z are the decay products. The cosine of the
angle between particles x and y in the W rest frame is
denotedby ĉxy . Here and in the following, the symbols d
and u stand for all possibledecay products in a hadronic
W decay. The top quark width is calculatedasa function
of the top quark massaccording to [15].

The correct association of reconstructed jets with the
�nal state quarks in Equations (24) and (25) is not
known. Therefore, the transfer function takes into ac-
count all 24 jet-parton assignments as described in Sec-
tion IV B. However, in the caseof the signal probabil-
it y, the mean value of the two assignments with the 4-
momenta of the quarks from the hadronic W decay inter-
changedis computed explicitly by using the symmetrized
formula

F =
g4

w

4

0

B
@

m2
bdu

� m2
du

�
m2

bdu
� m2

t

� 2
+ (mt � t )

2

1

C
A

�

0

@
m2

bdu

�
1 � ĉ2

bd

�
+ m2

du

�
1 + ĉ2

bd

�

(m2
du � m2

W )2 + (mW � W )2

1

A (26)

instead of (25), where only the terms containing ĉbd are
a�ected. Consequently , only a summation over 12 di�er-
ent jet-quark assignments remains to be evaluated.

The computation of the signal probabilit y Psig involves
an integral over the momenta of the colliding partons and
over 6-body phase space to cover all possible partonic
�nal states,cf. Equation (11). The number of dimensions
of the integration is reducedby the following conditions:

� The transverse momentum of the colliding par-
tons is assumed to be zero. Conservation of 4-
momentum then implies zero transverse momen-
tum of the t �t systembecausethe leading order ma-
trix element is usedto describe t �t production. Also,
the z momentum and energy of the t �t system are
known from the momenta of the colliding partons.

� The directions of the quarks and the charged lep-
ton in the �nal state are assumedto be exactly
measured.

� The energy of electrons from W decay is assumed
to be perfectly measured.The corresponding state-
ment is not necessarily true for high momentum
muons, and an integration over the muon momen-
tum is performed.

After these considerations, an integration over the
quark momenta, the charged lepton momentum (� +jets
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events only), and the longitudinal component of the neu-
trino momentum remains to be calculated. This calcu-
lation is performed numerically with the Monte Carlo
program vegas [16, 17]. The algorithm works most ef-
�cien tly if the one-dimensionalprojections of the inte-
grand onto the individual integration variableshave well-
localizedpeaks. The Breit-Wigner peaksof the integrand
corresponding to the two top quark and two W bosonde-
cays in the t �t matrix element are more localizedthan the
peaksfrom the jet transfer functions, suggestingthat the
massesare better integration variables leading to faster
convergence. The computation of the parton kinemat-
ics from the integration variables must however be per-
formed in each integration step, and this task simpli�es
to solving a quadratic equation when choosing pz;b� as
an integration variable instead of the mass of the lep-
tonically decaying W (both solutions of the quadratic
equation are consideredwhen determining Psig ). There-
fore, the following integration variablesare chosenfor the
computation of Psig :

� the magnitude j~pd j of the momentum of one of the
quarks from the hadronic W decay, with 0 � j~pd j �
500 GeV,

� the squaredmassm2
du of the hadronically decaying

W , 0 � m2
du � (400 GeV)2,

� the squared massm2
bdu

of the top quark with the
hadronic W decay, 0 � m2

bdu
� (500 GeV)2,

� the squared massm2
b`� of the top quark with the

leptonic W decay, 0 � m2
b`� � (500 GeV)2,

� the z component pz;b� of the sum of the momenta
of the b quark and neutrino from the top quark
with the leptonic W decay, � 500 GeV � pz;b� �
+500 GeV, and

� the muon charge divided by the muon trans-
verse momentum (in the � +jets channel only),
� 1=(100 MeV) � (q=pT )� � +1 =(100 MeV).

Thus, for each point in the (j~pd j, m2
du , m2

bdu
, m2

b`� ,
pz;b� [, (q=pT )� ]) integration spacethe following compu-
tation is performed for each of the 12 possiblejet-parton
assignments (where the symmetrized form of the matrix
element according to Equation (26) is used):

1. The 4-momenta of the t �t decay products are calcu-
lated from the values of the integration variables,
the measuredjet and lepton angles,and the elec-
tron energy (in the e+jets case).

2. The matrix element is evaluated accordingto Equa-
tions (23), (24), and (26).

3. The parton distribution functions are evaluated.
For consistencywith the leading-order matrix ele-
ment, we usethe CTEQ5L [18] parton distribution
functions, summing over all possiblequark 
a vors.

4. The probabilities to observe the measuredjet en-
ergies and muon transverse momentum given the
energiesand momentum computed in the �rst step
are evaluated using transfer functions.

5. The Jacobian determinant for the transformation
from momenta in Cartesiancoordinates to the (j~pd j,
m2

du , m2
bdu

, m2
b`� , pz;b� [, (q=pT ) � ]) integration

spaceis included.

The precisionof the Psig calculation varies from typically
2% to a maximum of 10%.

To normalize the signal probabilit y, the integralR
d� (p�p ! t �t ! x; mtop ; J ES)f acc(x) over 16-dimen-

sional phase spacehas been computed as a function of
mtop and J ES. The detector acceptanceand e�ciency
is taken into account as outlined in Equation (10). The
results are shown in Fig. 4 for e+jets and � +jets events
asa function of mtop for various choicesof the J ES scale
factor.

D. Calculation of the Bac kground Probabilit y Pbkg

To calculate Pbkg , the jet directions and the charged
electron or muon are taken as well-measured. The in-
tegral over the quark energiesin Equation (12) is per-
formed by generating Monte Carlo events with parton
energiesdistributed according to the jet transfer func-
tion. In these Monte Carlo events, the neutrino trans-
versemomentum is givenby the condition that the trans-
verse momentum of the W +jets system be zero, while
the invariant massof the charged lepton and neutrino is
assumedto be equal to the W mass to obtain the neu-
trino z momentum (both solutions are considered). The
vecbos [19] parameterization of the matrix element is
used. The mean result from all 24 possibleassignments
of jets to quarks in the matrix element is calculated. A
minimum of 10 Monte Carlo events is generatedfor each
measuredevent x, and the relativespreadof the resulting
Pbkg valuesis evaluated asthe standard deviation divided
by the mean. If the relative spread is larger than 10%,
another 10 Monte Carlo events are evaluated, and this
procedureis repeated until a 10% relative uncertainty is
reached or a maximum of 100 Monte Carlo events has
beenconsidered.

To normalize the background probabilit y density,
� obs(p�p ! W + jets; J ES) is chosen such that the to-
tal signal fraction f top in the analysis without b tagging
is reproduced in the �t to simulated event samplescon-
taining t �t and W +jets events. This makesuseof the fact
that f top is underestimated in the �t if the background
probabilities are too large and vice versa.

In the simulation, about 20 � 30% of t �t events have
jets and partons that cannot be unambiguously matched,
i.e., at least one of the four reconstructed jets cannot be
matched to a parton from the t �t decay within � R < 0:5.
These events yield poor top mass information and de-
grade the uncertainty estimate of the likelihood �t. Fig-
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FIG. 4: Observed t �t crosssection computed with the leading-
order matrix element for (a) e+jets and (b) � +jets events as
a function of the top quark massm top for di�eren t choicesof
the J E S scale factor: J E S = 1:12 (dash-dotted), J E S = 1:0
(solid), and J E S = 0:88 (dotted lines).

ure 5 illustrates that jet-parton matched t �t events tend to
havea higher signal than background probabilit y density,
which is how the mass �t identi�es them as signal-like.
There is no such separation for signal events in which
one or more jets cannot be matched to a parton, so that
these events contribute much less mass information to
the �nal likelihood. This observation is consistent with
the fact that a leading-order matrix element is used to
describe t �t events. Therefore, only jet-parton matched
events are used to calibrate the Pbkg normalization. On
average,the f top �t will consequently yield the fraction of
jet-parton matched (leading-order) t �t events in the event
sample. The quoted f top values are corrected for this
e�ect.

The Pbkg normalization is determined as follows:

� A largeensemble of simulated t �t and W +jets events
is composedwith the signal fraction as determined
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FIG. 5: Distributions of log10 (Psig =Pbkg ) for t �t events with
m top = 175GeV (solid) and W +jets events (dashed lines)
for (a) e+jets events and (b) � +jets events. The Psig val-
ues are calculated for the assumption m top = 175GeV. The
distributions for signal and background events are normalized
individually . The distributions for those t �t events that fail the
requirement of jets matched to partons are shown separately
(dash-dotted lines).

by the topological likelihood �t described in Sec-
tion I I I G.

� The top masslikelihood �t described in Section V
is applied to the sampleand the Pbkg normalization
is adjusted iterativ ely until the �t result yields the
true signal fraction.

� The normalization of Pbkg cannot depend on the
top quark mass. Therefore, the above steps are
applied to t �t Monte Carlo sampleswith di�eren t
generatedmasses.The mean of all results is taken
as the Pbkg normalization.

This procedure is applied separately for e+jets and
� +jets events. Note that the topological likelihood dis-
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criminant is only used to determine the normalization
of the background probabilit y and the sample composi-
tion for ensemble tests used to calibrate the procedure.
The topological likelihood discriminant does not other-
wise enter the top quark mass�t.

V. TOP QUARK MASS MEASUREMENT
USING TOPOLOGICAL INF ORMA TION

A. Top Quark Mass Fit

The top quark massand overall jet energy scaleJ ES
are determined asoptimal valuesof the likelihood for the
sampleof selectedevents, which dependson the Psig and
Pbkg values. For each measuredevent, Psig is calculated
for various valuesof mtop in stepsof 2:5GeV and various
values of J ES in steps of 0:01. It has been found that
it is not necessaryto compute the background probabil-
it y for di�eren t values of the jet energy scale. There-
fore, all Pbkg values are computed for J ES = 1 only.
Both Psig and Pbkg are normalized as described in Sec-
tions IV C and IV D, using separateconstants for e+jets
and � +jets events. The top quark massmeasurements on
the e+jets, � +jets, and combined `+jets event samples
are in each casederived from the likelihood of the event
sample, given by Equation (13), in the way described
below.

For given values of mtop and J ES, each event prob-
abilit y Pevt = f top Psig + (1 � f top )Pbkg depends on the
signal fraction f top of the sample,and consequently , the
value of the likelihood for the event sample is a function
of f top . For each (mtop ,J ES) parameter pair, the best
f top parameter value is determined, and the likelihood
value corresponding to this value is usedin further com-
putations. The overall result quoted for the �tted signal
fraction f top is derived from the value obtained at the
point in the grid of (mtop ,J ES) assumptions with the
maximum likelihood value for the event sample. The un-
certainty on f top is computed by varying f top at �xed
mtop and J ES until �( � ln L ) = + 1

2 . This uncertainty
doesnot account for correlations betweenf top , mtop , and
J ES.

The result for the top quark massis obtained from a
projection of the two-dimensional grid of likelihood val-
uesonto the mtop axis. In this projection, the correlation
between mtop and the J ES parameter is taken into ac-
count. The probabilit y for a given m top hypothesisis ob-
tained as the integral over the likelihood as a function of
J ES, using linear interpolation between the grid points
and Gaussian extrapolation to account for the tails for
J ES valuesoutside the range consideredin the grid.

The probabilities asa function of assumedtop massare
converted to � ln L values. These � ln L points are then
�tted with a fourth order polynomial in the regionde�ned
by the condition � ln L < 3 around the best value. The
� ln L points on either side of the � ln L < 3 region are
each �tted with a parabola, and Gaussianextrapolation

is used to describe the tails outside the range of m top
hypothesesconsidered. The mtop value that maximizes
the �tted probabilit y is taken to be the measuredvalue of
the top quark mass. The lower and upper uncertainties
on the top massare de�ned such that 68% of the total
probabilit y integral is enclosedby the corresponding top
massvalues,with equalprobabilities at both limits of the
68% con�dence level region.

The sameprojection and �tting procedure is applied
to determine the value of the J ES parameter.

B. Validation of the Metho d

The method is �rst validated using parton-level simu-
lated t �t and W +jets events. Thesehave beengenerated
with leading-order event generators(madgraph [20] for
t �t events, alpgen for W +jets events), i.e., no initial or
�nal state radiation is included. The jet energiesin these
events are smearedaccording to the transfer functions
described in Section IV B (the treatment of the muon
transversemomentum integration hasbeenchecked with
additional ensemble tests not described here).

Ensemblesare composedwith 75 events, 40% of which
are t �t signal events. A total of 1000events for top masses
of 160, 170, 175, 180, and 190GeV each are used, along
with 1000 W +jets events. In addition, samples with
mtop = 175GeV with all jet energiesscaledby 0:95 and
1:05 are prepared in order to validate the J ES �t result.
All events are required to passthe kinematic selectioncri-
teria listed in Table I. The �nal state jets and the charged
lepton must be separated according to � R(j; j 0) > 0:5
and � R(`; j ) > 0:5. The signalnormalization is obtained
according to this selection, seeSection IV C. m top and
J ES are obtained for each ensemble asdescribed in Sec-
tion V A. The results of this test show that the �tted
top mass and jet energy scale are unbiased within sta-
tistical uncertainties of 300MeV and 0:003, respectively.
Furthermore, the �tted mtop value does not depend on
the input J ES value used in the ensemble generation,
and similarly, the �tted J ES value is independent of the
true input top mass.

To test that the uncertainties obtained from the �t de-
scribe the actual measurement uncertainty, the deviation
of the �tted top massfrom the true value is divided by
the �tted measurement uncertainty. The upper (lower)
measurement uncertainty is taken if the �tted value is
below (above) the true value. This de�nition is chosen
to account for the possibility of asymmetric uncertain-
ties. This distribution of deviations normalized by the
measurement uncertainty is �tted with a Gaussian,and
its width, commonly referred to as \pull width," is in
agreement with 1:0. This is also the casefor the jet en-
ergy scale measurement, for which same test has been
performed.

The events used in the test outlined in this section
have beengeneratedwith the samesimpli�ed model that
is used in the probabilit y calculation for the description
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of the production of signal and background events and
the detector response, cf. Section IV. As it cannot be
assumedthat this simpli�ed model correctly reproduces
every aspect of the data, the method for measuring the
top quark mass has been calibrated with Monte Carlo
events that have beengeneratedwith the full D0 simula-
tion. Any deviations observed in this calibration step are
taken into account in the �nal result. The calibration is
described in the following section.

C. Calibration of the Metho d

The default D0 Monte Carlo events, generatedas de-
scribed in Section I I I and passedthrough the full simu-
lation of the D0 detector, are found to describe the data
well. They are therefore used to derive the �nal cal-
ibration of the �tting procedure. t �t samples with top
quark massesof 160, 170, 175, 180, and 190 GeV and
a W +jets sample are used. In addition, sampleswith
mtop = 175GeV whereall jet energiesare scaledby 0:92,
0:96, 1:04, and 1:08 are prepared in order to calibrate
the J ES �t. For each sample and each lepton chan-
nel (e+jets and � +jets), Psig and Pbkg are calculated for
1000 events which pass the event selection. Ensembles
are drawn from theseevent pools, with an ensemble com-
position as measuredfor the data sample. Each proba-
bilit y is normalized accordingto the 
a vor of the isolated
lepton (seeSections IV C and IV D). The QCD contri-
bution is not addedduring the calibration but treated as
a systematic uncertainty (cf. Section VI I).

In Fig. 6, 68% con�dence interval distributions are
shown for ensembles with mtop = 175GeV and J ES =
1:0. For many pseudo-experiments, the true m top (J ES)
value is expected to be within the �tted uncertainties
in 68% of the pseudo-experiments (corresponding to a
value of the con�cence interval distribution of 0:68 for
this value), while other mtop (J ES) valuesshould be less
likely to be within the uncertainties. When the error
interval resulting from the integration of 68%of the like-
lihood distribution does not include the input top mass
(J ES) value 68% of the time, the uncertainty is in
ated
to correspond to an integration over a larger interval.
The calibration results for the combined �t to the e+jets
and � +jets ensembles are shown in Figs. 7 and 8. The
�t results are correctedfor the o�sets o and slopess, and
for the deviations of the pull width w from 1.0 given in
Table VI to obtain the �nal results and their statistical
uncertainties as follows:

mtop =
m�t

top � om top � 175GeV

sm top

+ 175GeV ;

� mtop = wm top (� mtop ) �t ;

J ES =
J ES �t � oJ E S � 1

sJ E S
+ 1 ; and

� J ES = wJ E S (� J ES) �t : (27)
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FIG. 6: Calibration of the Matrix Element mass�tting proce-
dure for the topological analysis, using ensembles with a top
quark massof 175GeV and J E S = 1:0. The 68% con�dence
interval distributions for (a) the measured top quark mass
and (b) the jet energy scale is given by the solid, the upper
and lower error bands by the dashed histograms. A value of
0.68 as indicated by the dash-dotted line would mean that
the corresponding m top (J E S) value is included in the �tted
68% con�dence interval in 68% of the ensembles.

o�set o slope s pull width w
m top 1:375� 0:085 GeV 1:034� 0:011 1:06 � 0:01
J E S � 0:028� 0:001 0:934� 0:021 1:09 � 0:01

TABLE VI: Calibration of the Matrix Element mass �tting
procedure for the topological analysis. The o�sets are quoted
for a true top quark mass of 175 GeV and a true jet energy
scale of 1:0, respectively. Only statistical uncertainties are
quoted in this table.

D. Result

The Matrix Element method is applied to the 370pb� 1

lepton+jets data set. The calibrations for m top derived
in the previous section are taken into account. The cal-
ibrated �t result for the combined lepton+jets sample
is shown in Fig. 9. In this �gure, the probabilit y as a
function of assumedtop massis shown together with the
�tted curve (the polynomial �tted to the � ln L valuesas
described in Section V A has been transformed accord-
ingly), and the central value and 68% con�dence level
interval are indicated. The probabilit y as a function of
assumedJ ES parameter is also shown. The top quark
massis measuredto be

me+jets
top = 167:0 +7 :3

� 10:6 (stat : + JES)GeV

m� +jets
top = 173:0+10 :5

� 10:9 (stat : + JES) GeV

m` +jets
top = 169:2 +5 :0

� 7:4 (stat : + JES)GeV : (28)

The statistical uncertainties are consistent with the ex-
pectation. A comparison of the �tted uncertainties on
mtop and J ES with the expectations from ensemble tests
is given in Fig. 10. The �t yields a signal fraction f top of
0:33 � 0:06(stat :), in good agreement with the result of
the topological likelihood �t. The �tted jet energy scale
is J ES = 1:048+0 :052

� 0:040 (stat :) and indicates that the data
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FIG. 7: Calibration of the Matrix Element mass �tting pro-
cedure for the topological analysis. The upper plots show the
reconstructed top mass(a) and the measuredjet energy scale
(b) as a function of the input top mass. The two lower plots
show the reconstructed top mass (c) and the measured jet
energy scale (d) as a function of the input jet energy scale.
The solid lines show the results of linear �ts to the points,
which are used to calibrate the measurement technique. The
dashedlines would be obtained for equal �tted and true values
of m top and J E S.
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FIG. 8: Calibration of the Matrix Element mass �tting pro-
cedure for the topological analysis. The upper plots show the
widths of the pull distributions for the top mass (a) and jet
energy scale(b) as a function of the input top mass. The two
lower plots show the widths of the pull distributions for the
top mass(c) and jet energy scale(d) asa function of the input
jet energy scale. The solid lines show the mean pull width,
while the dashed lines indicate a pull width of 1.0.

is consistent with the referencescale.
For a �xed jet energyscale,the statistical uncertainty

of the �t is +2 :9
� 3:2 GeV; thus the component from the jet

energy scaleuncertainty is +4 :1
� 6:7 GeV. Systematic uncer-

tainties are discussedin Section VI I.
To show the likelihood as a function of both m top and

J ES simultaneously, the � ln L values have been �tted
with a two-dimensionalfourth-degreepolynomial with its
minimum �xed to the measurements mentioned above.
The resulting contours corresponding to � ln L = 0:5,
2:0, 4:5, and 8:0 relative to the minimum are shown in
Fig. 11. Note that the statistical measurement uncer-
tainties quoted on mtop and J ES are obtained from the
one-dimensionalprojections as discussedabove; Fig. 11
therefore serves only illustrativ e purposes. Becauseof
non-Gaussiantails, the projections of the � ln L = 0:5
contour shown in Fig. 11 onto the m top and J ES axes
do not exactly correspond to thesequoted statistical un-
certainties.

VI. TOP QUARK MASS MEASUREMENT
USING B JET IDENTIFICA TION

A. Top Quark Mass Fit

The incorporation of b-tagging information intro duces
two signi�can t modi�cations to the Matrix Element mass
�tting technique. First, b-tagging information is used
to determine the relative weights wi of the di�eren t jet-
parton assignments in the signal probabilit y calculation.
The wi are parameterizedas a function of the jet trans-
verseenergy ET and pseudorapidity � and the assumed

a vor � k of the parton corresponding to the jet, as de-
scribed in Section IV B 2. The signal probabilit y is then
computed according to Equation (11). The background
probabilit y is identical to that used in the topological
analysis according to Equation (12).

The secondmodi�cation is to classifyevents into three
categoriesaccordingto the number of b-taggedjets. Each
of thesecategorieswill have di�eren t signal fractions and
background compositions due to the relative suppression
of W +jets events with dominantly light quark and gluon
jets. The event categoriesare exclusive and correspond
to i) no b-tagged jet, ii) exactly one tagged jet, and iii)
two or more tagged jets.

When the analysisis separatelyperformed in each n tag

category, the signal fractions f n tag
top are determined inde-

pendently for each category, and P n tag
evt is calculated as

Pn tag
evt (x; mtop ; J ES; f top ) = f n tag

top Pn tag

sig (x; mtop ; J ES)

+(1 � f n tag
top ) Pbkg (x; J ES) : (29)

To combine the three categories into one analysis the
three purities f n tag

top have to be related to one inclusive
signal purit y f top . The purit y of the ntag sampleis given
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FIG. 9: Application of the topological Matrix Element
method to the data. The m top and J E S axes correspond
to the calibrated values. Plot (a) shows the probabilit y as a
function of assumed top quark mass. The correlation with
the jet energy scale is taken into account. The �tted curve is
shown, aswell asthe most lik ely value and the 68%con�dence
level region. The corresponding plot for the J E S parameter
is shown in (b).

by

f n tag
top =

N n tag

sig

N n tag

sig + N n tag

bkg

: (30)

The numbersof signal and background events after b tag-
ging, N n tag

sig and N n tag

bkg , can be related to the correspond-
ing numbers for the inclusive sample,Nsig and Nbkg , by

N n tag

sig = Nsig � n tag

sig and N n tag

bkg = Nbkg � n tag

bkg ; (31)

where � n tag

sig and � n tag

bkg are the averagetagging e�ciencies
for signal and background, respectively. They are de�ned
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FIG. 10: Uncertain ties on m top (a) and J E S (b) in the topo-
logical analysis. The distributions of �tted uncertainties ob-
tained from ensemble tests are shown by the histograms. Both
upper and lower uncertainties are shown; their distributions
are very similar. The upper (lower) uncertainty in the data is
indicated by the solid (dashed) arrow. The probabilit y for a
lower uncertainty on m top with a magnitude larger than that
observed in the data is 2%.

as

� n tag

sig =
�

1
2

�
� n tag

t t
(f � i g = bbud) + � n tag

t t
(f � i g = bbcs)

� �
;

� n tag

bkg =

*
X

�

f � � n tag

�

+

; (32)

with relative fractions f � of the di�eren t 
a vor contri-
butions � to the W +jets background as given in Ta-
ble I I I. The jets in selectedQCD multijet background
events have kinematic characteristics similar to those of
jets in selectedW +jets background events. Concerning
the event b-tagging probabilities, we therefore do not
distinguish between QCD multijet and W +jets back-
grounds. The di�erence between multijet and W +jets
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FIG. 11: Application of the topological Matrix Element
method to the data. Fit of a two-dimensional fourth-order
polynomial to the � ln L valuesasa function of both m top and
J E S. Shown are the contours corresponding to � ln L = 0:5,
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Subsample
Channel 0-tag 1-tag � 2-tag
e+jets 0.68 0.86 0.94
� +jets 0.77 0.84 0.90

TABLE VI I: Signal purit y correction factors cn tag .

kinematics is treated as a systematic uncertainty. The
relation between f n tag

top and the inclusive signal purit y
f top = Nsig=(Nsig + Nbkg ) is then

f n tag
top =

f top r n tag

f top (r n tag � 1) + 1
; (33)

where

r n tag =
� n tag

sig

� n tag

bkg

: (34)

Equation (33) needsto be corrected for the fact that the
fraction of t �t events that are jet-parton matched is di�er-
ent in each tag-multiplicit y sample. Thus, a correction
factor cn tag de�ned as the ratio of �tted t �t fraction over
expected t �t fraction is intro duced as an intercalibration
of the f n tag

top values. The top fraction for a given tag-
multiplicit y sample is then

f n tag
top = cn tag

f top r n tag

f top (r n tag � 1) + 1
: (35)

The correction factors cn tag are di�eren t for e+jets and
� +jets events, and are given in Table VI I.

Equation (35) de�nes the dependenceof the signal pu-
rit y on tagging multiplicit y, as a function of the ratio

of event-tagging e�ciencies and signal purit y before tag-
ging. In order to extract the top quark mass from the
total sampleof selectedevents, the likelihoods in the in-
dividual event categoriesare then combined as

L(x1; ::; xN ; mtop ; J ES; f top ) (36)

=
Y

n tag =0 ;1;� 2

N n tagY

i =1

Pn tag
evt (x i ; mtop ; J ES; f n tag

top ) ;

where N n tag is the number of events in each of the three
tag-categories. As in the topological analysis, we de-
termine the value f best

top (mtop ; J ES) that maximizes the
likelihood L in Equation (36) for each pair of assumed
values of mtop and J ES. The top quark mass and jet
energyscaleare then obtained by maximizing

L
�
x1; ::; xN ; mtop ; J ES; f best

top (mtop ; J ES)
�

(37)

=
Y

n tag =0 ;1;� 2

N n tagY

i =1

Pn tag
evt

�
x i ; mtop ; J ES; f best

top
n tag (mtop ; J ES)

�

as described in Section V A (for the 0-tag sample,the �t
range is restricted to � ln L < 1).

B. Calibration of the Metho d

The calibration is obtained following a similar proce-
dure as described in Section V C. The number of events
in each tag-multiplicit y classis calculatedby multipliying
the expected number of selectedevents (before tagging)
by the averageevent-tagging probabilit y in each process:

N n tag

t �t = N sel
t �t � n tag

t �t and

N n tag

bkg = N sel
bkg � n tag

W +jets : (38)

The W +jets background is classi�ed into two categories
according to the di�erences in event kinematics: W j j j j
(W + 4 jets without heavy 
a vor) and W hf (W + 4 jets
including heavy 
a vor). Thus, the background composi-
tion for the ensemble tests after tagging is given by

N n tag

W j j j j = N sel
bkg f W j j j j � n tag

W j j j j and

N n tag

W hf = N sel
bkg

X

� 6= W j j j j

f � � n tag

� ; (39)

where f W j j j j is the fraction of W + light jets, � denotes
one of the �v e W +heavy 
a vor subprocesses(see Ta-
ble I I I), and f � is the corresponding fraction of these
subprocesses.Table VI I I shows the W +jets composition
in the 0, 1, and � 2 tag samplesused in the ensemble
tests. The averagenumber of events in each tag-category
and for each sampleare 
uctuated accordingto a Poisson
distribution. For a given tag-category n tag , the decision
of which jets are tagged is made by randomly selecting
ntag jets as tagged jets, taking into account the ET and
� dependenceof the tagging e�ciencies.
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Subsample
Contribution 0-tag 1-tag � 2-tag

W j j j j 90.9% 19.4% 0.0%
W hf 9.1% 80.6% 100.0%

TABLE VI I I: Background composition used in the ensem-
ble tests for the b-tagging analysis. The contribution from
W +jets events without heavy 
a vor is given in the �rst line,
the contribution from events with heavy 
a vor jets in the sec-
ond line.

o�set o slope s pull width w
m top 1:932� 0:085 GeV 1:018� 0:011 1:11 � 0:01
J E S � 0:028� 0:001 0:945� 0:021 1:09 � 0:01

TABLE IX: Calibration of the Matrix Element mass �tting
procedure for the b-tagging analysis. The o�sets are quoted
for a true top quark mass of 175 GeV and a true jet energy
scale of 1:0, respectively. Only statistical uncertainties are
quoted in this table.

In Fig. 12, 68% con�dence interval distributions are
shown for ensembles with mtop = 175GeV and J ES =
1:0. The calibration results for the combined �t are
shown in Figs. 13 and 14. The �nal �t results are cor-
rected for the biases and for the deviation of the pull
width from 1.0 given in Table IX.

C. Result

The Matrix Element b-tagging method is applied to
the same event sample as in Section V D with a cali-
bration according to the results from Section VI B. The
probabilit y is shown in Fig. 15 as a function of m top and
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FIG. 12: Calibration of the Matrix Element mass�tting pro-
cedure for the b-tagging analysis, using ensembles with a top
quark massof 175GeV and J E S = 1:0. The 68% con�dence
interval distributions for (a) the measured top quark mass
and (b) the jet energy scale is given by the solid, the upper
and lower error bands by the dashed histograms. A value of
0.68 as indicated by the dash-dotted line would mean that
the corresponding m top (J E S) value is included in the �tted
68% con�dence interval in 68% of the ensembles.
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FIG. 13: Calibration of the Matrix Element mass�tting pro-
cedure for the b-tagging analysis. The upper plots show the
reconstructed top mass(a) and the measuredjet energy scale
(b) as a function of the input top mass. The two lower plots
show the reconstructed top mass (c) and the measured jet
energy scale (d) as a function of the input jet energy scale.
The solid lines show the results of linear �ts to the points,
which are used to calibrate the measurement technique. The
dashedlines would be obtained for equal �tted and true values
of m top and J E S.
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FIG. 14: Calibration of the Matrix Element mass�tting pro-
cedure for the b-tagging analysis. The upper plots show the
widths of the pull distributions for the top mass (a) and jet
energy scale(b) as a function of the input top mass. The two
lower plots show the widths of the pull distributions for the
top mass(c) and jet energy scale(d) asa function of the input
jet energy scale. The solid lines show the mean pull width,
while the dashed lines indicate a pull width of 1.0.
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J ES hypothesisfor each of the three tag categories.The
central valuesand the 68% con�dence level intervals are
indicated in the �gures. The individual results for the
top quark massare

m` +jets
top (0-tag) = 174:4+18 :5

� 12:3 (stat :) GeV

m` +jets
top (1-tag) = 173:1 +5 :1

� 5:2 (stat :) GeV

m` +jets
top (2-tag) = 163:2 +6 :8

� 6:2 (stat :) GeV (40)

in the 0-tag, 1-tag, and � 2-tag categories. The
corresponding results for the jet energy scale are
J ES(0-tag) = 0:986+0 :084

� 0:091 (stat :), J ES(1-tag) =
1:011+0 :049

� 0:045 (stat :), and J ES(2-tag) = 1:094+0 :071
� 0:066 (stat :),

respectively.
The result for the combined event sample is

me+jets
top = 170:1+4 :6

� 6:3 (stat : + JES)GeV

m� +jets
top = 172:6+9 :4

� 8:6 (stat : + JES)GeV

m` +jets
top = 170:3+4 :1

� 4:5 (stat : + JES)GeV; (41)

the `+jets measurement is shown in Fig. 16. The sta-
tistical uncertainties are consistent with the expectation.
Figure 17 shows the distributions of the expected m top
uncertainty compared to the observed result. The �t
yields a signal fraction f top of 0:31� 0:09(stat :), in good
agreement with the result of the topological likelihood �t.
The �tted jet energy scale is J ES = 1:027+0 :035

� 0:032 (stat :)
and indicates that the data is consistent with the refer-
encescale.

For a �xed jet energyscale,the statistical uncertainty
of the �t is � 2:5GeV; thus the component from the jet
energy scaleuncertainty is +3 :2

� 3:7 GeV. Systematic uncer-
tainties are discussedin Section VI I.

To show the likelihood as a function of both m top and
J ES simultaneously, the � ln L values have been �tted
with a two-dimensionalfourth-degreepolynomial with its
minimum �xed to the measurements mentioned above.
The resulting contours corresponding to � ln L = 0:5,
2:0, 4:5, and 8:0 relative to the minimum are shown in
Fig. 18. Note that becauseof non-Gaussiantails, the pro-
jections of the � ln L = 0:5 contour onto the m top and
J ES axes do not exactly correspond to the 68% con-
�dence intervals around the most likely values; Fig. 18
therefore servesonly illustrativ e purposes.

VI I. SYSTEMA TIC UNCER TAINTIES

Systematic uncertainties arise from three sources:
modeling of the physics processesfor t �t production and
background, modeling of the detector performance, and
uncertainties in the methods themselves. Table X lists
all uncertainties. The jet energy scaleuncertainty is in-
cludedin the statistical uncertainty. The total systematic
uncertainty on the top mass measurement is obtained
by adding all contributions in quadrature. In general,
to evaluate systematic uncertainties, the simulation of
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FIG. 15: Application of the Matrix Element b-tagging method
to the data. The �tted m top and J E S lik elihoods for each of
the 3 tag-categories: 0-tag ((a) and (b)), 1-tag ((c) and (d)),
and � 2-tag ((e) and (f )). The 68% con�dence-level interval
around the most lik ely value is shown by the hatched region
under the �tted curve.

events used to calibrate the measurement has been var-
ied, while the measurement method itself has beenkept
unchanged.

A. Ph ysics Mo deling

� Signal mo deling: When t �t events are produced
in association with a jet, the additional jet can be
misinterpreted as a product of the t �t decay. Also,
the t �t system may then have signi�can t transverse
momentum, in contrast to the assumption made in
the calculation of Psig . In spite of the event selec-
tion that requiresexactly four jets, theseevents can
be selectedif oneof the jets from the t �t decay is not
reconstructed.

Such events are present in the simulated events
used for the calibration of the method. To assess
the uncertainty in the modeling of these e�ects,
events have beengeneratedusing a dedicated sim-
ulation of the production of t �t events together with
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FIG. 16: Application of the Matrix Element b-tagging method
to the data. The �nal results of the �tted m top (a) and J E S
(b) lik elihoods for the combined event sample are shown. The
68% con�dence-level interval around the most lik ely value is
indicated by the hatched region under the �tted curve.

an additional parton. The fraction of such events
is estimated to be no larger than 30% (according
to the di�erence betweencrosssection calculations
in leading and next-to-leading order).

Two large ensembles of simulated events are com-
posedaccording to the sample composition in the
data, oneusing only events with an additional par-
ton for the signal, and the secondwith the default
simulation. The result obtained with the default
calibration is quoted ascentral value. A systematic
uncertainty of 30%of the di�erence in top massre-
sults betweenthesetwo ensembles is quoted.

In addition, simulated gg ! t �t and q�q ! t �t events
have beencompared. The top masscalibration has
beenrederivedusing only gg ! t �t or q�q ! t �t events
to simulate the signal, and no signi�can t di�erence
hasbeenfound. Thus no additional uncertainty on

) (GeV)
top

(ms
0 5 10

N
um

be
r 

of
 E

ns
em

bl
es

0

50

100

150 Dé Run II, 370 pb -1

(a)

(JES)s
0 0.02 0.04 0.06 0.08

N
um

be
r 

of
 E

ns
em

bl
es

0

50

100

150

200
Dé Run II, 370 pb -1

(b)

FIG. 17: Uncertain ties on m top (a) and J E S (b) obtained in
the b-tagging analysis with the combined sample. The distri-
butions of �tted uncertainties obtained from ensemble tests
are shown by the histograms. Both upper and lower uncer-
tain ties are shown; their distributions are very similar. The
upper (lower) uncertainty in the data is indicated by the solid
(dashed) arrow.

the result is assigned.

� Background mo deling: In order to study the
sensitivity of the measurement to the choice of
background model, the standard W +jets Monte
Carlo sample is replaced by an alternativ e sam-
ple with the default factorization scale of Q2 =
m2

W +
P

j p2
T ;j replacedby Q02 = hpT ;j i 2. One large

ensemble of events is composedusing both the de-
fault and the alternativ e background model. The
di�erence of results obtained with theseensembles
is symmetrized and is assignedas a systematic un-
certainty.

� PDF uncertain t y: Leading-order matrix ele-
ments are used to calculate both Psig and Pbkg .
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FIG. 18: Application of the Matrix Element b-tagging method
to the data. Fit of a two-dimensional fourth-order polynomial
to the � ln L values as a function of both m top and J E S.
Shown are the contours corresponding to � ln L = 0:5, 2:0,
4:5, and 8:0 relativ e to the minim um.

Sourceof Uncertain ty
Topological

Analysis
b-Tagging
Analysis

Statistical uncertainty
and jet energy scale +5 :0 � 7:4 +4 :1 � 4:5

Physics modeling:
Signal modeling � 0:34 � 0:46
Background modeling � 0:32 � 0:40
PDF uncertainty +0 :26 � 0:40 +0 :16 � 0:39
b fragmentation � 0:71 � 0:56
b/ c semileptonic decays +0 :06 � 0:07 � 0:05

Detector modeling:
J E S pT dependence � 0:25 � 0:19
b response(h/e) +0 :87 � 0:75 +0 :63 � 1:43
Trigger � 0:08 +0 :08 � 0:13
b tagging { � 0:24

Method:
Signal fraction +0 :50 � 0:17 � 0:15
QCD contamination � 0:67 � 0:29
MC calibration � 0:17 � 0:48

Total systematic uncertainty +1 :5 � 1:4 +1 :2 � 1:8

Total uncertainty +5 :2 � 7:5 +4 :3 � 4:9

TABLE X: Summary of uncertainties on the top quark mass.
All values are quoted in GeV.

Consequently , both calculations usea leading order
parton distribution function (PDF): CTEQ5L [18].
To study the systematicuncertainty on m top due to
this choice, the variations provided with the next-
to-leading-order PDF set CTEQ6M [21] are used,
and the result obtained with each of these varia-
tions is comparedwith the result using the default
CTEQ6M parametrization. The di�erence between
the results obtained with the CTEQ5L and MRST
leading order PDF sets is taken as another un-
certainty. Finally, the e�ect of a variation of � s
is evaluated. In all cases,a large ensemble has
beencomposedof events simulated with CTEQ5L,
and these have been reweighted such that distri-
butions according to the desired PDF set are ob-
tained. The individual systematicuncertainties are
addedin quadrature. The systematicuncertainty is
dominated by that from the variation of CTEQ6M
parameters.

� b fragmen tation: While the overall jet energy
scaleuncertainty is included in the statistical un-
certainty from the �t, di�erences in the b/ligh t
jet energy scaleratio betweendata and simulation
may still a�ect the measurement. Possiblee�ects
from such di�erences are studied using simulated
t�t events with di�eren t fragmentation models for b
jets. The default Bowler [22] schemewith r b = 1:0
is replaced with r b = 0:69 or with Peterson [23]
fragmentation with � b = 0:00191. Simulation stud-
iesshow that the variation of r b results in a change
of the meanscaledenergyhxB i of b hadronsthat is
larger than the uncertainties reported in [24], while
the uncertainty on the shape of the xB distribu-
tion is taken into account by the comparisonof the
Bowler and Petersonschemes.One large ensemble
is built using events from each of the three simula-
tions. The absolute valuesof the deviations of top
mass results from the standard sample are added
in quadrature and symmetrized.

� b=c semileptonic decays: The reconstructeden-
ergy of b jets containing a semileptonic bottom or
charm decay is in general lower than that of jets
containing only hadronic decays. This can only be
taken into account for jets in which a soft muon is
reconstructed. Thus, the �tted top quark massstill
dependson the semileptonicb and c decay branch-
ing ratios. They have been varied by reweighting
events in one large ensemble of simulated events
within the bounds given in [15].

B. Detector Mo deling

� J E S pT and j � j dep endence: The relative dif-
ferencebetween the jet energy scalesin data and
Monte Carlo is �tted with a global scale factor,
and the corresponding uncertainty is included in
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the quoted (stat. + JES) uncertainty. Any discrep-
ancy between data and simulation other than a
global scale di�erence may lead to an additional
uncertainty on the top quark mass. To estimate
this uncertainty, the energiesof jets in the events
of one large ensemble have beenscaledby a factor
of (1 + 0:02 E jet

100 GeV ) where E jet is the default jet
energy. The value 0:02 is suggestedby studies of

 +jets events. The top massresult from the mod-
i�ed ensemble has been compared to the default
number, and the symmetrized di�erence is taken
as a systematic uncertainty.

Similarly, to estimate the e�ect of a possible j� j
dependenceof the jet energy scale ratio between
data and simulation, the jet energieshavealsobeen
scaled by a factor (1 � 0:01j� j) as suggestedby

 +jets events. No signi�can t e�ect on the top
quark mass has been observed and thus no addi-
tional systematic uncertainty is assigned.

� Relativ e b/ligh t jet energy scale: Variations
of the h/e calorimeter responselead to di�erences
in the b/ligh t jet energy scale ratio between data
and simulation in addition to the variations of the b
fragmentation function consideredin SectionVI I A.
This uncertainty has beenevaluated by scaling the
energiesof b jets in onelargeensemble and studying
the e�ect on the top quark mass.

� Trigger: The trigger e�ciencies usedin composing
ensembles for the calibration of the measurement
arevaried by their uncertainties, and the uncertain-
ties from all variations are summedin quadrature.

� b tagging: The b-tagging e�ciencies are varied
within the uncertainties as determined from the
data, and the variations are propagatedto the �nal
result.

Note that no systematic uncertainty is quoted due to
multiple interactions/uranium noise as opposed to the
Run I measurement. The e�ect is much smaller in Run I I
as a consequenceof the reduced integration time in the
calorimeter readout. It is moreover covered by the jet
energy scaleuncertainty, as the o�set correction is com-
puted seperately for data and Monte Carlo in Run I I,
accounting for e�ects arising from electronic noise and
pileup.

C. Metho d

� Signal fraction: The normalization procedure
of the background probabilit y described in Sec-
tion IV D is chosen such that the signal fraction
f top as measuredwith the topological likelihood �t
and given in Table I I is reproduced. However, the
signal fraction is slightly overestimatedfor low true
signal fractions, which leads to a small bias in the

resulting top mass. The signal fraction in ensem-
ble tests used for the calibration is varied within
the uncertainties determined from the topological
likelihood �t, and the resulting variation of the top
quark massis taken as a systematic uncertainty.

� QCD background: The W +jets simulation is
used to model the small QCD background in the
selectedevent sample in the analysis. The system-
atic uncertainty from this assumption is computed
by selecting a dedicated QCD-enriched sample of
events from data by inverting the lepton isolation
cut in the event selection. The calibration of the
method is repeated with ensembles formed where
these events are used to model the QCD back-
ground events whosefraction is given in Table I I.
The resulting change is assignedas a systematic
uncertainty.

� MC calibration: The calibration of the top mass
measurement is varied according to the statisti-
cal uncertainty of the calibration curves shown in
Figs. 7 and 13.

VI I I. SUMMAR Y

A measurement of the top quark mass using lep-
ton+jets t �t events in 370pb� 1 of data collected with the
D0 detector at Run I I of the Fermilab Tevatron Col-
lider has been presented. The events are analysedwith
the Matrix Element method, which is designedto make
maximal useof the kinematic information in the selected
events. To avoid a large systematic uncertainty, an over-
all scale factor J ES for the energy of calorimeter jets
is determined simultaneously with the top quark mass.
This in-situ calibration of the jet energy scalehelps re-
ducethe overall uncertainty on the top quark masswhen
combining with other measurements.

The resulting top quark massis

mtop = 169:2+5 :0
� 7:4 (stat : + JES) +1 :5

� 1:4 (syst:) GeV (42)

for an analysis that uses only topological information,
and

mtop = 170:3+4 :1
� 4:5 (stat : + JES) +1 :2

� 1:8 (syst:) GeV (43)

when b-tagging information is included. The jet energy
scaleis J ES = 1:048+0 :052

� 0:040 (stat :) in the topological anal-
ysis and J ES = 1:027+0 :035

� 0:032 (stat :) when b tagging is in-
cluded, indicating consistency with the referencescale.
The two results are consistent with each other. To obtain
a value for the top quark massin combination with other
measurements, the second,more precisevalue should be
used.
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