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Measurement of the top quark mass in the lepton+jets final state with the matrix
element method

V.M. Abazov,?® B. Abbott,” M. Abolins,%® B.S. Acharya,?® M. Adams,”" T. Adams,*® M. Agelou,'” E. Aguilo,®
S.H. Ahn,?° M. Ahsan,®® G.D. Alexeev,?® G. Alkhazov,?® A. Alton,%* G. Alverson,%3 G.A. Alves,? M. Anastasoaie,>*
T. Andeen,’ S. Anderson,*® B. Andrieu,’® M.S. Anzelc,’ Y. Arnoud,'® M. Arov,’? A. Askew,*® B. Asman,*°
A.C.S. Assis Jesus,® O. Atramentov,?® C. Autermann,?® C. Avila,” C. Ay,23 F. Badaud,'?> A. Baden,%! L. Bagby,>?
B. Baldin,®® D.V. Bandurin,’® P. Banerjee,?® S. Banerjee,?® E. Barberis,% P. Bargassa,® P. Baringer,®®
C. Barnes,*3 J. Barreto,? J.F. Bartlett,?® U. Bassler,'® D. Bauer,*? S. Beale,> A. Bean,?® M. Begalli,> M. Begel,"!
C. Belanger-Champagne,® L. Bellantoni,?® A. Bellavance,’” J.A. Benitez,%° S.B. Beri,?6 G. Bernardi,'®
R. Bernhard,*! L. Berntzon,' 1. Bertram,*? M. Besancon,'” R. Beuselinck,*3 V.A. Bezzubov,® P.C. Bhat,?°
V. Bhatnagar,?6 M. Binder,?* C. Biscarat,*? K.M. Black,%? 1. Blackler,*> G. Blazey,”?> F. Blekman,*? S. Blessing,*°
D. Bloch,'® K. Bloom,%” U. Blumenschein,??> A. Boehnlein,’® O. Boeriu,?® T.A. Bolton,* G. Borissov,*?

K. Bos,?® T. Bose,”” A. Brandt,”® R. Brock,% G. Brooijmans,”® A. Bross,’® D. Brown,”® N.J. Buchanan,*’

D. Buchholz,?>® M. Buehler,®! V. Buescher,?? S. Burdin,?® S. Burke,*® T.H. Burnett,3? E. Busato,'® C.P. Buszello,*3
J.M. Butler,%? P. Calfayan,?* S. Calvet,'* J. Cammin,”* S. Caron,?® W. Carvalho,? B.C.K. Casey,”” N.M. Cason,?
H. Castilla-Valdez,3? S. Chakrabarti,?® D. Chakraborty,>> K.M. Chan,”* A. Chandra,*® F. Charles,'® E. Cheu,*
F. Chevallier,'3 D.K. Cho,%? S. Choi,?! B. Choudhary,?” L. Christofek,”” D. Claes,%” B. Clément,'®
C. Clément,* Y. Coadou,> M. Cooke,?® W.E. Cooper,®® D. Coppage,®® M. Corcoran,?® M.-C. Cousinou,'*

B. Cox,** S. Crépé-Renaudin,® D. Cutts,” M. Cwiok,2? H. da Motta,2 A. Das,52 M. Das,%° B. Davies,*2
G. Davies,*® G.A. Davis,”® K. De,”® P. de Jong,?* S.J. de Jong,?* E. De La Cruz-Burelo,®* C. De Oliveira Martins,?
J.D. Degenhardt,®* F. Déliot,!” M. Demarteau,”® R. Demina,”* P. Demine,'” D. Denisov,?® S.P. Denisov,3®
S. Desai,”™ H.T. Diehl,>® M. Diesburg,”® M. Doidge,*?> A. Dominguez,®” H. Dong,”® L.V. Dudko,?” L. Duflot,*?
S.R. Dugad,?® D. Duggan,*® A. Duperrin,'* J. Dyer,5> A. Dyshkant,’? M. Eads,%” D. Edmunds,%® T. Edwards,**
J. Ellison,*® J. Elmsheuser,?* V.D. Elvira,’® S. Eno,%! P. Ermolov,3” H. Evans,®* A. Evdokimov,36
V.N. Evdokimov,3® S.N. Fatakia,%? L. Feligioni,®2 A.V. Ferapontov,?® T. Ferbel,”! F. Fiedler,?* F. Filthaut,>*
W. Fisher,?® H.E. Fisk,%° I. Fleck,?? M. Ford,** M. Fortner,?> H. Fox,?? S. Fu,%° S. Fuess,’® T. Gadfort,??
C.F. Galea,?* E. Gallas,”® E. Galyaev,? C. Garcia,”" A. Garcia-Bellido,®? J. Gardner,’® V. Gavrilov,?¢ A. Gay,'8
P. Gay,'? D. Gelé,'® R. Gelhaus,*® C.E. Gerber,”® Y. Gershtein,*® D. Gillberg,> G. Ginther,”" N. Gollub,*°
B. Gémez,” A. Goussiou,?® P.D. Grannis,”?> H. Greenlee,’ Z.D. Greenwood,%® E.M. Gregores,* G. Grenier,'?
Ph. Gris,'? J-F. Grivaz,'® S. Griinendahl,’® M.W. Griinewald,?? F. Guo,” J. Guo,”? G. Gutierrez,’® P. Gutierrez,
A. Haas,”® N.J. Hadley,®! P. Haefner,?* S. Hagopian,*® J. Haley,%® 1. Hall,”® R.E. Hall,*” L. Han,® K. Hanagaki,>®
P. Hansson,*® K. Harder,>® A. Harel,”' R. Harrington,%® J.M. Hauptman,®” R. Hauser,% J. Hays,?® T. Hebbeker,2°
D. Hedin,”? J.G. Hegeman,?® J.M. Heinmiller,°* A.P. Heinson,*® U. Heintz,%? C. Hensel,*® K. Herner,?

G. Hesketh,%3 M.D. Hildreth,?® R. Hirosky,®' J.D. Hobbs,”? B. Hoeneisen,'! H. Hoeth,?> M. Hohlfeld,'® S.J. Hong,3°
R. Hooper,”” P. Houben,?® Y. Hu,” Z. Hubacek,® V. Hynek,? I. Tashvili,®® R. Illingworth,?® A.S. Ito,?° S. Jabeen,%2
M. Jaffré,'® S. Jain,” K. Jakobs,?? C. Jarvis,%! A. Jenkins,*? R. Jesik,3 K. Johns,*®> C. Johnson,”® M. Johnson,®°
A. Jonckheere,®® P. Jonsson,*? A. Juste,?® D. Kifer,2? S. Kahn,”™ E. Kajfasz,'* A.M. Kalinin,*> J.M. Kalk,%
J.R. Kalk,% S. Kappler,?’ D. Karmanov,3” J. Kasper,52 P. Kasper,? 1. Katsanos,”” D. Kau,* R. Kaur,?%

R. Kehoe,”™ S. Kermiche,'* N. Khalatyan,’2 A. Khanov,”® A. Kharchilava,® Y.M. Kharzheev,® D. Khatidze,™
H. Kim,” T.J. Kim,?® M.H. Kirby,?* B. Klima,®® J.M. Kohli,2® J.-P. Konrath,22 M. Kopal,”® V.M. Korablev,3
J. Kotcher,” B. Kothari,”® A. Koubarovsky,?” A.V. Kozelov,?® K. Kréninger,?' D. Krop,®* A. Kryemadhi,?

T. Kuhl,?* A. Kumar,% S. Kunori,®" A. Kupco,'® T. Kuréa,'>* J. Kvita,® S. Lammers,”® G. Landsberg,””

J. Lazoflores,*® A.-C. Le Bihan,'® P. Lebrun,'® W.M. Lee,’2 A. Leflat,>” F. Lehner,*! V. Lesne,'? J. Leveque,*
P. Lewis,*? J. Li,”® Q.Z. 1i,°° J.G.R. Lima,’? D. Lincoln,?® J. Linnemann,% V.V. Lipaev,3® R. Lipton,*° Z. Liu,®
L. Lobo,*? A. Lobodenko,?® M. Lokajicek,'® A. Lounis,'® P. Love,*2 H.J. Lubatti,®? M. Lynker,® A.L. Lyon,*°
A K.A. Maciel,2 R.J. Madaras,*6 P. Mittig,?® C. Magass,?® A. Magerkurth,%* A.-M. Magnan,'® N. Makovec,!®
P.K. Mal,?® H.B. Malbouisson,? S. Malik,®” V.L. Malyshev,?® H.S. Mao,*® Y. Maravin,?® M. Martens,?°
R. McCarthy,”? D. Meder,?® A. Melnitchouk,®® A. Mendes,'* L. Mendoza,” M. Merkin,?” K.W. Merritt,?°
A. Meyer,?° J. Meyer,?! M. Michaut,'” H. Miettinen,?° T. Millet,'? J. Mitrevski,”® J. Molina,®> N.K. Mondal,?®
J. Monk,** R.W. Moore,® T. Moulik,”® G.S. Muanza,'® M. Mulders,?® M. Mulhearn,”® O. Mundal,??> L. Mundim,3
Y.D. Mutaf,”> E. Nagy,'* M. Naimuddin,?” M. Narain,’2 N.A. Naumann,3* H.A. Neal,6* J.P. Negret,”



P. Neustroev,3 C. Noeding,?? A. Nomerotski,’® S.F. Novaes,* T. Nunnemann,?* V. O’'Dell,° D.C. O’Neil,’
G. Obrant,?® V. Oguri,® N. Oliveira,? D. Onoprienko,?® N. Oshima,?® R. Otec,” G.J. Otero y Garzén,®" M. Owen,**
P. Padley,®° N. Parashar,®® S.-J. Park,”" S.K. Park,?° J. Parsons,”® R. Partridge,”” N. Parua,”® A. Patwa,”
G. Pawloski,®0 P.M. Perea,® E. Perez,!” K. Peters,** P. Pétroff,'®> M. Petteni,*3 R. Piegaia,' J. Piper,%°
M.-A. Pleier,?! P.L.M. Podesta-Lerma,3? V.M. Podstavkov,’® Y. Pogorelov,”® M.-E. Pol,> A. Pompog,"
B.G. Pope,% A.V. Popov,3® C. Potter,” W.L. Prado da Silva,®> H.B. Prosper,*® S. Protopopescu,” J. Qian,%
A. Quadt,?' B. Quinn,% M.S. Rangel,> K.J. Rani,?® K. Ranjan,?” P.N. Ratoff,*> P. Renkel,” S. Reucroft,%
M. Rijssenbeek,”? I. Ripp-Baudot,'® F. Rizatdinova,’® S. Robinson,*® R.F. Rodrigues,? C. Royon,'” P. Rubinov,°
R. Ruchti,®® V.I. Rud,?” G. Sajot,"® A. Sédnchez-Hernandez,?> M.P. Sanders,%" A. Santoro,? G. Savage,®
L. Sawyer,% T. Scanlon,*? D. Schaile,?* R.D. Schamberger,”? Y. Scheglov,?® H. Schellman,®® P. Schieferdecker,?*
C. Schmitt,?® C. Schwanenberger,** A. Schwartzman,%® R. Schwienhorst,% J. Sekaric,% S. Sengupta,*®
H. Severini,”® E. Shabalina,®® M. Shamim,?® V. Shary,'” A.A. Shchukin,?® W.D. Shephard,®® R.K. Shivpuri,?”
D. Shpakov,?® V. Siccardi,'® R.A. Sidwell,>® V. Simak,? V. Sirotenko,?® P. Skubic,”® P. Slattery,”* R.P. Smith,?°
G.R. Snow,57 J. Snow,” S. Snyder,™ S. Soldner-Rembold,** X. Song,?? L. Sonnenschein,'® A. Sopczak,*?

M. Sosebee,”® K. Soustruznik,® M. Souza,? B. Spurlock,”® J. Stark,'3 J. Steele,’C V. Stolin,?¢ A. Stone,?!
D.A. Stoyanova,®® J. Strandberg,% S. Strandberg,*® M.A. Strang,%9 M. Strauss,” R. Strohmer,?* D. Strom,>?
M. Strovink,*6 L. Stutte,?® S. Sumowidagdo,*® P. Svoisky,?® A. Sznajder,® M. Talby,'* P. Tamburello,*®
W. Taylor,® P. Telford,** J. Temple,*> B. Tiller,2* M. Titov,?? V.V. Tokmenin,3® M. Tomoto,?® T. Toole,%!

I. Torchiani,?? S. Towers,*? T. Trefzger,?® S. Trincaz-Duvoid,'® D. Tsybychev,”? B. Tuchming,'” C. Tully,%®
A.S. Turcot,** P.M. Tuts,”® R. Unalan,%® L. Uvarov,? S. Uvarov,?® S. Uzunyan,?? B. Vachon,® P.J. van den Berg,3?
R. Van Kooten,?* W.M. van Leeuwen,?? N. Varelas,”® E.W. Varnes,*®> A. Vartapetian,”® I.A. Vasilyev,38
M. Vaupel,?® P. Verdier,'” L.S. Vertogradov,?® M. Verzocchi,?® F. Villeneuve-Seguier,*? P. Vint,*3 J.-R. Vlimant,'©
E. Von Toerne,? M. Voutilainen,%” T M. Vreeswijk,?* H.D. Wahl,* L. Wang,5" M.H.L.S Wang,?® J. Warchol,*®
G. Watts,52 M. Wayne,”® G. Weber,?> M. Weber,?® H. Weerts,%> N. Wermes,?! M. Wetstein,%" A. White,™®
D. Wicke,?® G.W. Wilson,?® S.J. Wimpenny,*® M. Wobisch,?® J. Womersley,”® D.R. Wood,%* T.R. Wyatt,**
Y. Xie,”” N. Xuan,?® S. Yacoob,?® R. Yamada,’® M. Yan,®! T. Yasuda,?® Y.A. Yatsunenko,*® K. Yip,”
H.D. Yoo,”” S.W. Youn,”® C. Yu,"? J. Yu,”® A. Yurkewicz,”?> A. Zatserklyaniy,”?> C. Zeitnitz,2°> D. Zhang,"°

T. Zhao,82 B. Zhou,%* J. Zhu," M. Zielinski,”* D. Zieminska,?® A. Zieminski,®* V. Zutshi,?? and E.G. Zverev3”
(DO Collaboration)
! Universidad de Buenos Aires, Buenos Aires, Argentina
2LAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
3 Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
4 Instituto de Fisica Tedrica, Universidade Estadual Paulista, Sdo Paulo, Brazil
5 University of Alberta, Edmonton, Alberta, Canada, Simon Fraser University, Burnaby, British Columbia, Canada,
York University, Toronto, Ontario, Canada, and McGill University, Montreal, Quebec, Canada
8 University of Science and Technology of China, Hefei, People’s Republic of China
" Universidad de los Andes, Bogotd, Colombia
8 Center for Particle Physics, Charles University, Prague, Czech Republic
9 Czech Technical University, Prague, Czech Republic
10 Center for Particle Physics, Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
Y Universidad San Francisco de Quito, Quito, Ecuador
12 Laboratoire de Physique Corpusculaire, IN2P3-CNRS, Université Blaise Pascal, Clermont-Ferrand, France
13 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
Y OoPPM, IN2P3-CNRS, Université de la Méditerranée, Marseille, France
15IN2P3-CNRS, Laboratoire de I’Accélérateur Linéaire, Orsay, France
1 LPNHE, IN2P3-CNRS, Universités Paris VI and VII, Paris, France
" DAPNIA /Service de Physique des Particules, CEA, Saclay, France
8IPHC, IN2P3-CNRS, Université Louis Pasteur, Strasbourg, France, and Université de Haute Alsace, Mulhouse, France
19 Institut de Physique Nucléaire de Lyon, IN2P3-CNRS, Université Claude Bernard, Villeurbanne, France
20111, Physikalisches Institut A, RWTH Aachen, Aachen, Germany
21 Physikalisches Institut, Universitit Bonn, Bonn, Germany
22 Physikalisches Institut, Universitit Freiburg, Freiburg, Germany
2 Institut fiir Physik, Universitit Mainz, Mainz, Germany
2 Ludwig-Mazimilians- Universitdt Miinchen, Minchen, 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



29 University College Dublin, Dublin, Ireland
30 Korea Detector Laboratory, Korea University, Seoul, Korea
31 SungKyunKwan University, Suwon, Korea
S2CINVESTAV, Mezico City, Mexico
33 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
34 Radboud University Nigmegen/NIKHEF, Nijmegen, The Netherlands
35 Joint Institute for Nuclear Research, Dubna, Russia
36 Institute for Theoretical and FExperimental Physics, Moscow, Russia
3" Moscow State University, Moscow, Russia
38 Institute for High Energy Physics, Protvino, Russia
39 petersburg Nuclear Physics Institute, St. Petersburg, Russia
10 Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Stockholm, Sweden, and
Uppsala University, Uppsala, Sweden
4 Physik Institut der Universitit Zirich, Zirich, Switzerland
42 Lancaster University, Lancaster, United Kingdom
43 Imperial College, London, United Kingdom
M University of Manchester, Manchester, United Kingdom
45 University of Arizona, Tucson, Arizona 85721, USA
6 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
47 California State University, Fresno, California 98740, USA
48 University of California, Riverside, California 92521, USA
O Florida State University, Tallahassee, Florida 82306, USA
50 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
5 University of Illinois at Chicago, Chicago, Illinois 60607, USA
52 Northern Illinois University, DeKalb, Illinois 60115, USA
53 Northwestern University, Fvanston, Illinois 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 Jowa State University, Ames, Towa 50011, USA
58 University of Kansas, Lawrence, Kansas 66045, USA
5 Kansas State University, Manhattan, Kansas 66506, USA
50 Louisiana Tech University, Ruston, Louisiana 71272, USA
81 University of Maryland, College Park, Maryland 20742, USA
52 Boston University, Boston, Massachusetts 02215, USA
53 Northeastern University, Boston, Massachusetts 02115, USA
54 University of Michigan, Ann Arbor, Michigan 48109, USA
55 Michigan State University, Fast Lansing, Michigan 48824, USA
56 University of Mississippi, University, Mississippi 38677, USA
57 University of Nebraska, Lincoln, Nebraska 68588, USA
58 Princeton University, Princeton, New Jersey 08544, USA
9 State University of New York, Buffalo, New York 14260, USA
70 Columbia University, New York, New York 10027, USA
" University of Rochester, Rochester, New York 14627, USA
"2 State University of New York, Stony Brook, New York 11794, USA
3 Brookhaven National Laboratory, Upton, New York 11973, USA
™ Langston University, Langston, Oklahoma 73050, USA
5 University of Oklahoma, Norman, Oklahoma 73019, USA
6 Oklahoma State University, Stillwater, Oklahoma 74078, USA
™" Brown University, Providence, Rhode Island 02912, USA
™8 University of Texas, Arlington, Tezas 76019, USA
™ Southern Methodist University, Dallas, Texas 75275, USA
80 Rice University, Houston, Texas 77005, USA
81 University of Virginia, Charlottesville, Virginia 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 final state. As the energy scale for calorimeter jets represents the dominant source of
systematic uncertainty, the Matrix Element likelihood is extended by an additional parameter,
which is defined as a global multiplicative factor applied to the standard energy scale. The top
quark mass is obtained from a fit that yields the combined statistical and systematic jet energy
scale uncertainty. Using a data set of 370 pb~! taken with the DO experiment at Run II of the



Fermilab Tevatron Collider, the mass of the top quark is measured using topological information to

be:

mf:gets(topo) =169.2%59

(stat. + JES) 715 (syst.) GeV

and when information about identified b jets is included:

mfjpjms(b—tag) =170.3741

(stat. + JES) T3 (syst.) GeV .

The measurements yield a jet energy scale consistent with the reference scale.

PACS numbers: 14.65.Ha, 12.15.Ff

I. INTRODUCTION

The origin of mass of the elementary fermions of the
standard model is one of the central questions in par-
ticle physics. Of the six known quark flavors, the top
quark is unique in that its mass can be measured to 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 mass because of its domi-
nant contribution in loop corrections to electroweak ob-
servables such as the p parameter. Within the standard
model, a precise determination of the top quark mass
in combination with existing electroweak data can place
significant constraints on the mass of the Higgs boson [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 /s =
1.8 TeV, the top quark was discovered by the CDF and
DO [2] experiments, and its mass was measured [3]. Since
the beginning of Run IT in 2002, the Tevatron is running
with an increased luminosity at a center-of-mass energy
of /s = 1.96TeV. The CDF experiment has recently
published a measurement of the top quark mass using
Run IT data [4]. The first DO measurement of the top
quark mass at Run II is described in this paper.

Top quarks are produced in proton-antiproton colli-
sions either in pairs (production of ¢t pairs via the strong
interaction) or singly (via the electroweak interaction).
Only the first process has been observed so far and is used
to measure the 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 tf event is therefore
determined by the subsequent W boson decays. 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 modes are implicitly
included throughout this paper), missing transverse en-
ergy relative to the beamline from the neutrino, and four
energetic jets.

This paper describes a measurement of the top quark
mass with the DO detector, using lepton+jets events from
370pb~! of data collected during Run II of the Fermilab
Tevatron Collider. To make maximal use of kinematic

information, the events selected are analyzed with the
Matrix Element method. This method was developed by
DO for the Run I measurement of the top quark mass [5]
and led to the single most precise measurement during
Run I. For each event, a probability is calculated as a
function of the top quark mass that this event has arisen
from tt production. A similar probability is computed for
the main background process, which is the production of
a leptonically decaying W boson produced in association
with jets. The detector resolution is taken into account in
the calculation of these probabilities. The top quark mass
is then extracted from the joint probability calculated for
all selected events. To reduce the sensitivity to the energy
scale of the jets measured in the calorimeter, the Matrix
Element method has been extended so this scale can be
determined simultaneously with the top quark mass from
the same event sample [4, 6].

The paper is organized as follows. Section II gives
a brief overview of the DO detector. The event recon-
struction, selection, and simulation are discussed in Sec-
tion III. A detailed description of the Matrix Element
method is given in Section IV. The top quark mass fit
is described in Sections V and VI for the analyses be-
fore and after the use of b-tagging information, and Sec-
tion VII lists the systematic uncertainties. Section VIII
summarizes the results.

II. THE D0 DETECTOR

We use a right-handed coordinate system whose origin
is at the center of the detector, with the proton beam
defining the positive z direction. The DO detector con-
sists of a magnetic central-tracking system, comprising
a silicon microstrip tracker (SMT) and a central fiber
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 um, and a
design optimized for tracking and vertexing capability at
pseudorapidities of || < 2.5. The system has a 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 doublets of overlapping scin-
tillating fibers of 0.835 mm diameter, one doublet being
parallel to the collision axis, and the other alternating by
+3° relative to the axis. Light signals are transferred via



clear fibers to solid-state photon counters (VLPC) that
have =~ 80% quantum efficiency.

Central and forward preshower detectors located just
outside of the superconducting coil (in front of the
calorimetry) are constructed of several layers of extruded
triangular scintillator strips that are read out using
wavelength-shifting fibers and VLPCs. The next layer of
detection involves three liquid-argon/uranium calorime-
ters: a central section (CC) covering || up to ~ 1.1,
and two end calorimeters (EC) that extend coverage to
[n| &~ 4.2, all housed in separate cryostats [8]. In addition
to the preshower detectors, scintillators between the CC
and EC cryostats provide sampling of developing showers
at 1.1 < |n| < 1.4.

A muon system [9] is located beyond the calorimetry
and consists of a layer of tracking detectors and scintilla-
tion trigger counters before 1.8 T iron toroids, followed by
two similar layers after the toroids. Tracking at |n| < 1
relies on 10 cm wide drift tubes [8], while 1 cm mini-drift
tubes are used at 1 < |n| < 2.

Luminosity is measured using plastic scintillator arrays
located in front of the EC cryostats, covering 2.7 < |n| <
4.4. Trigger and data acquisition systems are designed to
accommodate the high luminosities of Run II. Based on
preliminary information from tracking, calorimetry, and
muon systems, the output of the first level of the trigger
is used to limit the rate for accepted events to =~ 2 kHz.
At the next trigger stage, with more refined information,
the rate is reduced further to ~ 1 kHz. These first two
levels of triggering rely mainly on hardware and firmware.
The third and final level of the trigger, with access to
all the event information, uses software algorithms and a
computing farm, and reduces the output rate to ~ 50 Hz,
which is written to tape.

III. EVENT RECONSTRUCTION, SELECTION,
AND SIMULATION

This paper describes the analysis of 370pb~! of data
taken between April 2002 and August 2004. Events con-
sidered for the analysis must initially pass trigger condi-
tions requiring the presence of an electron or muon and
a jet. In the e+jets trigger, an electron with transverse
momentum pr > 15 GeV within |n| < 1.1 is required. In
addition, a jet reconstructed using a cone algorithm with
radius AR = /(An)? + (A¢)2 = 0.5 is required, with a
minimum jet transverse energy, Er, of 15 or 20 GeV de-
pending on the period of data taking. In the pu+jets trig-
ger, a muon detected outside the toroidal magnet (corre-
sponding to an effective minimum momentum of around
3 GeV) is required, along with a jet with transverse en-
ergy Er of at least 20 or 25 GeV, depending on the data
taking period.

The offline 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 u+jets events are selected.

chareed lepton Er>20GeV |n|<1.1 (electrons)
8 P pr>20GeV || <2.0 (muons)
exactly 4 jets Er>20GeV |n|<2.5

missing transverse energy Fr >20GeV

TABLE I: A summary of the kinematic event selection. In
addition, quality 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 pr of at least
20 GeV and must be within |n| < 1.1 for electrons and
[n| < 2.0 for muons. In addition, charged leptons have to
pass quality and isolation criteria described below.

Electrons must deposit at least 90% of their energy in
the electromagnetic calorimeter within a cone of radius
AR = 0.2 around the shower axis. The transverse and
longitudinal shower shapes must be consistent with those
expected for an electron, based on Monte Carlo simula-
tion, with efficiencies corrected for observed differences
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 energy in the hollow cone
0.2 < AR < 0.4 around the shower axis must not exceed
15% of the electron energy. Finally, a likelihood is formed
by combining the above variables with information about
the impact parameter of the matched track relative to
the primary interaction vertex, the number of tracks in
a cone with radius AR = 0.05 around the electron can-
didate, the pr of tracks (excluding the track matched to
the electron) within a cone with radius AR = 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-pp
isolated electrons.

For each muon, a match of muon track segments in-
side and 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 pp collision, thereby rejecting cosmic rays. A track
reconstructed in the tracking system and 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 AR (u, jet) > 0.5 for all jets in the event.
Finally, the muon must pass an isolation criterion based
on the energy of calorimeter clusters and tracks around
the muon: The calorimeter transverse energy in the hol-
low cone 0.1 < AR < 0.4 around the muon direction is
required to be less than 8% of the muon transverse mo-
mentum, and the sum of transverse momenta of all other
tracks within a cone of radius AR = 0.5 around the muon
direction must be smaller than 6% of the muon pr.



B. Jet Reconstruction and Selection

Jets are defined using a cone algorithm with radius
AR = 0.5. They are required to have pseudorapidity
|n|] < 2.5. Calorimeter cells with negative energy or with
energy below four times the width of the average elec-
tronics noise are 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 8 GeV. Jets
must then pass the following quality requirements:

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

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

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

e the most energetic calorimeter cell must not contain
more than 90% of the jet energy;

e the jet is required to be confirmed by the indepen-
dent trigger readout; and

e jets within AR < 0.5 of an isolated electromagnetic
object (electron or photon) with Ep > 15 GeV 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 IIT 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 Ep > 20GeV af-
ter jet energy scale correction, which is described below.
The motivation for the requirement of four jets is that
for each event, a signal probability P, is calculated us-
ing a leading-order matrix element for ¢¢ production, as
described below in Section IV C. Decays in which addi-
tional radiation is emitted as well as ¢f pairs produced in
association with other jets are not modeled in the prob-
ability.

C. Jet Energy Scale

The measured energy E;&™ of a reconstructed jet is
given by the sum of energies deposited in the calorime-
ter cells associated with the jet by the cone algorithm.
The energy EJF™ of the jet before interaction with the
calorimeter is obtained from the reconstructed jet energy
as
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The corrections are applied to account for several effects:

e Energy Offset FEog: Energy in the clustered cells
which is due to noise, the underlying event, multi-
ple interactions, energy pile-up, and uranium noise
lead to a global offset of jet energies. This offset
FEog is determined from energy densities in mini-
mum bias events.

e Showering Corrections Ccone: A fraction of the
jet energy is deposited outside of the finite-size jet
cone. Jet energy density profiles are analyzed to
obtain the corresponding correction Ceope.

e Calorimeter Response Rc,: Jets consist of
different particles (mostly photons, pions, kaons,
(anti-)protons, and neutrons), to which the
calorimeter response differs. Furthermore, the en-
ergy reponse of the calorimeter is slightly nonlin-
ear. The response R, is determined from ~+jets
events by requiring transverse momentum balance.
The photon energy scale is assumed to be identical
to the electron scale and is measured independently
using Z — ee events.

Note that EfJ" is not the parton energy: the parton may
radiate additional quarks or gluons before hadronization,
which may or may not end up in the jet cone. The rela-
tion between the jet and parton energies is parameterized
with a transfer function, see Section IV B. The jet energy
scale is determined separately for data and Monte Carlo
jets. The scale depends both on the energy of the jet and
on the pseudorapidity. All jet energies in data and Monte
Carlo events are corrected according to the appropriate
jet energy scale, and these corrections are propagated to
the missing transverse energy, see Section III D.

The uncertainty on the jet energy scale was the domi-
nating systematic uncertainty on most previous measure-
ments of the top quark mass. To reduce this systematic
uncertainty, information from the jets arising from the
hadronic W decay can be used to determine an overall
jet energy scale factor, JE'S, simultaneously with the top
quark mass. A value of JES # 1 means that all jet ener-
gies need to be scaled by a factor of JES relative to the
reference scale described above.

D. Missing Transverse Energy

Neutrinos can only be identified indirectly by the im-
balance of the event in the transverse plane. This imbal-
ance is reconstructed from the vector sum of all calorime-
ter cells with significant energy (cf. Section III B). The
missing transverse energy is corrected for the energy scale
of jets and for muons in the event. Only events with
Fr > 20GeV are considered.

In addition, a cut on the difference A¢ between the
azimuthal angles of the lepton momentum and the miss-
ing transverse energy vector is imposed to reject events
in which the transverse energy imbalance originates from



a poor lepton energy measurement. This requirement
depends on the scalar value of Fr and is

0.045
Ag (e, Br) > 0.7Tm — WET (2)

in the e+jets channel and

A¢ (n, Br) > 0.1 (1 _ _Pr

50 GeV) and

7
30 GTeV> 3)

A (p, Br) < m— 027 (1

in the p+jets channel.

E. b Jet Identification

A tf event contains two b jets, while jets produced in
association with W bosons predominantly originate from
light quarks or gluons. The signal to background ratio is
therefore significantly enhanced when requiring that one
or more of the jets be identified as b jets (b-tagged). DO
developed a lifetime based b-tagging algorithm referred to
as SVT [10]. The algorithm starts by identifying tracks
with significant impact parameter with respect to the
primary vertex. Only tracks that are displaced by more
than two standard deviations are considered. The algo-
rithm then requires that these tracks form a secondary
vertex displaced by more than seven standard deviations
from the primary vertex. For each track participating
in secondary vertex 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 probability.

The performance of the SVT algorithm is extensively
tested on data. The b-tagging efficiency is verified on a di-
jet data sample whose b jet content is enhanced by 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-
bility to tag a light quark jet (mistag rate) is inferred
from the rate of secondary vertices with negative impact
parameter, corrected for the contribution of heavy flavor
jets to such tags and the presence of long-lived particles in
light quark jets. Both corrections are derived from Monte
Carlo simulation. Both the b-jet tagging efficiency €jet(b)
and the light-jet tagging rate e€jet(u, d, s, g) are pa-
rameterized as functions of the transverse jet energy and
pseudorapidity. The efficiency €jet(c) to tag a ¢ quark
jet is estimated based on the Monte Carlo prediction for
the b to c-jet tagging efficiency ratio. These parameteri-
zations are used to predict the probability for a jet of a
certain flavor to be tagged.

F. Simulation

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 mass obtained in the data. The ALPGEN [11] event
generator is used for both signal and background simu-
lation. The hadronization and fragmentation process is
simulated using PYTHIA [12]. Signal ¢f events are sim-
ulated for top quark mass values of 160, 170, 175, 180,
and 190 GeV. The main background is from W+4 jets
events.

All simulated events are passed through a detailed sim-
ulation of the detector response and are then subjected
to the same selection criteria as the data. The probabil-
ity that a simulated event would have passed the trigger
conditions is calculated, taking into account the relative
integrated luminosities for which the various trigger con-
ditions were in use. This probability is typically between
0.9 and 1 and is accounted for when simulated events are
used in this analysis.

Background from QCD multijet processes has not been
generated in the simulation; instead, events that pass
a selection with reversed isolation cuts for the charged
lepton have been used to model this background.

G. Sample composition

Even though the Matrix Element method yields the ¢
content fiop, of the selected data sample together with
the top quark mass and jet energy scale, an independent
estimate of the sample purity is obtained using a topolog-
ical likelihood discriminant, as described in this section.
This result for the sample composition does not directly
enter in the top quark mass fit; it is used only

e to obtain the relative normalization of the signal
and background probabilities as described in Sec-
tion IVD — this allows fitting the sample purity
without large corrections to the result — and

e to choose the sample purity in ensemble tests (cf.
Sections VB, V C, and VIB) according to the sam-
ple composition in the data — in order to compute
the expected fit uncertainties.

The relative contributions of tf, W+jets, and QCD
multijet events to the selected data sample are deter-
mined before b tagging is applied. A likelihood discrimi-
nant based on topological variables is calculated for every
selected event. The technique is the same as described
n [13]. A fit to the observed distribution yields the frac-
tions of tf, W +jets, and multijet events in the data sam-
ple, separately for e+jets and p+jets events. The fits
are shown in Figure 1, and the results are summarized
in Table II. Note that because of differences between the
selection criteria of e+jets and p+jets events (most no-
tably, the |n| requirement, but also the criteria for select-
ing isolated leptons), the numbers of selected ¢, W +jets,
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FIG. 1: Distribution of the topological likelihood for the

370 pb~! DO Run II data sample. The distribution for e+jets
events is shown in plot (a) and for p+jets events in plot (b).
The points with error bars indicate the data, and the fit-
ted fractions of tf events (open area), W+jets events (di-
agonally hatched), and QCD multijet events (horizontally
hatched area) are superimposed.

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

The relative contributions from background events
with a W boson and four jets with different flavor com-
position are estimated using the ALPGEN generator. The
fractions fe of each of the six flavor configurations ¢ =
Jjjj. bbjj, ceig, (b)jjj, (cc)jjj, and cjjj are listed in
Table III [10]. The symbol j denotes a light jet not con-
taining a charm or bottom quark, and the symbols (bb)
and (c¢) refer to situations where two heavy flavor 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 VIA), the individual numbers for each of the

channel Neyts N§§§° f§§E° f&?g

etjets 86 40.6 T 3% (4721199 % (176 T 24) %
ptjets 89 2581 %0 (2001 )% (51T 0%
(+ijets 175 66.4 T137 (37.9% T3 % (11.3+1.2)%

TABLE II: Composition of the e+jets, u+jets, and ¢+jets
data samples, estimated with the topological likelihood tech-

. t. t
nique. The fractions are constrained as ft;’g" + fm?ic;cts +
ftopo _ 1

QCD —

Contribution W + >4 jets
Wbbjj (2.72 + 0.11)%
Weejj (4.31 £ 0.20) %

W (bb)jjj (2.70 £ 0.15)%
W (cc)jjj (4.69 £ 0.36) %
Wejjjg (4.88 £ 0.1 %
Wijjjj (80.71 £ 0.43) %

TABLE III: Fractions fs of different flavor subprocesses con-
tributing to the W4jets sample.

three separate classes are significantly different.

IV. THE MATRIX 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 probability has been revised, the nor-
malization of the background probability is determined
differently, and the method now allows a simultaneous
measurement of the top quark mass and 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 discusses the pa-
rameterization of the detector response. Details on the
computation of the probabilities Pz and Py are given
in Sections IV C and IV D.

A. The Event Probability

To make maximal use of the kinematic information on
the top quark mass contained in the event sample (or
each individual event category in the case of the analysis
using b-tagging information), for each selected event a
probability Pt that this event is observed is calculated
as a function of the assumed top quark mass and jet en-
ergy scale. The probabilities from all events are then
combined to obtain the sample probability as a function
of assumed mass and jet energy scale, and the top quark



mass measurement is extracted from this sample prob-
ability. To make the probability calculation tractable,
simplifying assumptions in the description of the physics
processes and the detector response are introduced 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 assumptions in
the description of the physics processes are accounted for
by systematic uncertainties.

It is assumed that the physics processes that can lead
to the observed event do not interfere. The probability
P.y¢ then in principle has to be composed from probabil-
ities for all these processes as

Z fiP; | (4)

processes 1t

Pcvt =

where P; is the probability for a given process i and f;
denotes the fraction of events from that process in the
event sample. In this analysis, P, is composed from
probabilities for two processes, tt production and W-+jets
events, as

Pe'ut (ZC; Mtop, JES, ft()p) = ft()p Psig(ib; Mtop, JES)
+(1= fiop) Poxg(x; JES) . (5)

Here, = denotes the kinematic variables of the event, fiop
is the signal fraction of the event sample, and P, and
Pikg are the probabilities for ¢t and W-+jets production,
respectively. The largest background contribution is from
W +jets events. Therefore, Pk, is taken to be the prob-
ability for W+jets production. Contributions from QCD
multijet events are not treated explicitly and are consid-
ered as a systematic uncertainty. The signal probability
P accounts for both possible flavor compositions in the

hadronic W decay in {+jets tt events, W — ud and
W — cs':

Pyg = % (Pl + PY) (6)
Because the event kinematics are the same, both final
states are treated simultaneously in the probability cal-
culation.

To evaluate the tf probability, all configurations of tt
decay products that could have led to the observed event
x are considered. This includes different hadronic W de-
cays as discussed above and all possible configurations y
of the final state particles’ four-momenta. The probabil-
ity density for given partonic final state four-momenta
y to be produced in the hard scattering process is pro-
portional to the differential cross section do of the corre-
sponding process, given by

@m) A (qG—tt—y)|?
414925

Adg .
(7)

The symbol .# denotes the matrix element for the pro-
cess q@ — tt — b(fv)b(qq’), s is the center-of-mass en-
ergy squared, ¢; and ¢o are the momentum fractions of

dU(qQ—>tf—> Y3 mtop) -

the colliding partons (which are assumed to be massless)
within the colliding proton and antiproton, and d®g is
an element of six-body phase space. Here the symbol ¢g’

—/
stands for ud or cs'.

To obtain the differential cross section do(pp — tt —
Y; Myop) in pp collisions, the differential cross section
from equation (7) is convoluted with the parton density
functions (PDF) for all possible flavor compositions of
the colliding quark and antiquark,

dO'(pﬁ - t{—> ya mtop) (8)

= / Z dgidgz f(q1) f(q2)

91,92

q1,92
% flavors

do(qq — tt — y; meop)

where f(q) denotes the probability density to find a par-
ton of given flavor and momentum fraction ¢ in the pro-
ton or antiproton.

The finite detector resolution is taken into account via
a convolution with a transfer function W (z,y; JES) that
describes the probability to reconstruct a partonic final
state y as z in the detector. The differential cross section
to observe a given reconstructed ¢t event then becomes

do(pp — tt — x; myep, JES) (9)
= /da(pﬁ — tt — y; Myop) W (z,y; JES) .
y

Because Psig describes (+jets tt events with both W —
ud and W — ¢ decays, the transfer function depends
on the quark flavors produced in the hadronic W decay
when b-tagging information is used. This is further dis-
cussed in Section IV B.

Only events that are inside the detector acceptance
and pass the trigger conditions and offline event selec-
tion are used in the measurement. The corresponding
overall detector efficiency depends both on m¢., and on
the jet energy scale. This is taken into account in the
cross section oopg of ¢t events observed in the detector:

O'obs(pl3 - tf; Mtop, JES) (10)

- / Ao (pp — 1F — 4 Maop)W (@, 45 TES) face(2) |

z,Y

where fa.. = 1 for selected events and fu.. = 0 otherwise.

The differential probability to observe a tf event as x



in the detector is then given by

Piig(z; myop, JES) (11)
_ do(pp — tt — x5 Myep, JES)

Oobs (Pﬁ - tt_; Mtop, JES)
B 1
O'obs(pl3 - tf; Mtop, JES)

X / Z dqidga f(q1) f(q2)

qi,q2,y 9P
flavors

@2m) |4 (g7 — tt — y)I*
41928
W(z,y; JES) .

d®g

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

Similarly, the differential background probability is
computed as

Pbkg(l'; JES) (12)
_ 1
Oobs(pp— W +jets; JES)

< / S dgude: f(a1) f(g2)

q1,q2,y 31092

flavors
2m)* |4 (qq — W +jets — y)\2
ddg
41928
W(z,y; JES) ,

where the matrix element and the total observed cross
section for the process pp — W + jets have been used
accordingly. Since the matrix element for W+jets pro-
duction does not depend on myop, Pokg is independent of
Myop; however, P in principle does depend on the jet
energy scale through the transfer function. Details about
the Pyye calculation can be found in Section IV D.

To extract the top quark mass from a set of N mea-
sured events x1, .., xn, a likelihood function is built from
the individual event probabilities calculated according to
Equation (5) as

L(mla'-uxNQ mtop7JE57 ftop) (13)
N

= HPcvt(Ii; Mtop, JES, ftop) .
=1

For every assumed pair of values (myop, JES), the value
fgfrft that maximizes the likelihood is determined. The
top quark mass and jet energy scale are then obtained by

maximizing the likelihood

L(xla"uxN; mt0p7JES7beSt(mtOp7JES)) (14)

top
N
= Hpevt (xiQ Mtop, JES7 ftlac)e])St(mtopa JES))
=1

with respect to myo, and JES, taking the correlation
between both parameters into account.

10
B. Description of the Detector Response

The transfer function W (x, y; JES) relates the charac-
teristics y of the final state partons to the measurements
z in the detector. The symbol x denotes measurements
of the jet and charged lepton energies or momenta and
directions as well as b-tagging information for the jets.
A parameterization of the detector resolution is used in
the probability calculation because the full GEANT-based
simulation would be too slow. The full simulation is how-
ever used to generate the simulated events with which the
method is calibrated.

The transfer function is assumed to factorize into con-
tributions from each measured final state particle. The
angles of all measured tt decay products as well as the
energy of electrons are assumed to be well-measured; in
other words, the transfer functions for these quantities
are given by J-distributions. This allows reducing the
dimensionality of the integration over 6-particle phase
space as described in Sections IVC and IVD. Conse-
quently, contributions to the integral only arise if the
directions of the quark momenta in the final state agree
with the measured jet directions. In addition to the en-
ergy resolution, one has to take into account the fact
that the jets in the detector cannot be assigned unam-
biguously to a specific parton from the 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 analyses is first dis-
cussed, followed by a description of the jet energy and
muon transverse momentum resolutions.

1. Transfer Function in the Topological Analysis

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

=W, ((a/pr)i5° (o))
1 24 4
X 33 z; §(angles) Hl Wiet(Biet s Equarks; JES)
1= j=

where W, and Wi stand for factors describing the muon
transverse momentum and jet energy resolutions, respec-
tively. The sum is over the 24 different assignments of
jets j to partons k. The factor d(angles) denotes the §
distributions that ensure that assumed and reconstructed
particle directions are identical, as discussed above. For
e+jets events, the factor for the muon transverse momen-
tum resolution is replaced with another d-distribution.
The neutrino is not measured in 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 probability, all



jets are assumed to be described by the light quark trans-
fer function. Because the matrix elements for W — ud’
and W — ¢35’ decays are equal, and the different flavor
contributions to the W+jets process are all parameter-
ized by the W+jets matrix element without heavy flavor
quarks in the final state, no distinction between different
processes is necessary in the topological analysis.

2. Transfer Function in the b-tagging Analysis

In the topological analysis, the information from the
reconstructed jet energies determines the relative weight
of different jet-parton assignments for a given partonic
final state. The inclusion of b-tagging information allows
an improved identification of the correct permutation.
This additional information enters the probability calcu-
lation by weighting different permutations 4 of jet-parton
assignments with weights w; according to which jets, if
any, are b-tagged. This allows to give those permutations
a larger weight that assign tagged jets to b quarks and
untagged ones to light quarks. The transfer function is
thus

W(z,y; JES) (16)
=Wy ((Q/p:r)ffc ; (Q/pT)i“)
24 4
> " w; d(angles) [ [ Wiet(Biet s, Equarci: JES)
i=1 j=1
X

24
D wi
i=1

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

The weight w; for a permutation ¢ is parameterized as
a product of individual weights w;(j) for each jet. The
latter are a function of the jet flavor hypothesis o and
the jet transverse energy Er ; and pseudorapidity n;. For
tagged jets, w;(j) is equal to the per-jet tagging efficiency
€iet(ar; E1 5, 1j) where oy, labels the three possible par-
ton assignments to the jet: (a) b quarks, (b) ¢ quarks,
and (c) light quarks or gluons. For untagged jets, the
w;(j) factors are equal to 1 — €jet(ak; Erj, n;). If an
event does not contain any b-tagged jet, all the weights
w;(j) are set to 1.0.

To compute the signal probability of events containing
b-tagged jets, assumptions on the jet flavors are made for
the calculation of the w; such that hadronic W decays to
ud and ¢35 final states need not 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 justified since the
tagging efficiencies for b jets are much larger than those
for other flavors, 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 effect of charm-jet tagging
on the signal to background probability ratio in the b-tagging
analysis, for tf events generated with miop = 175 GeV that
contain two b-tagged jets. The Pz values are calculated for
the assumption mop = 175 GeV. (a) Only the two jet-parton
assignments in which tagged jets are assigned to b quarks are
considered. (b) All weighted jet parton-assignments enter the
probability calculation. In both plots, the hatched histogram
corresponds to those cases where 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 assumed to be charm quarks if the corre-
sponding jet has been tagged, and light quarks otherwise.

The need to include jet-parton assignments with a
tagged charm jet in the probability calculation can be
seen by 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
tt events with two b-tagged jets when only the two jet-
parton assignments in which tagged jets are assigned to
b quarks are considered in the signal probability calcu-
lation. The hatched histogram shows the correct assign-
ments only, whereas the open histogram shows all combi-
nations, including the ones in 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 discussed above. The tail for low
signal to background probability ratios in Fig. 2(a) arises
because the correct jet-parton assignment is not included
in the calculation in events where one of the tagged jets
comes from a charm quark. It clearly shows the need to
include these assignments in the signal probability calcu-
lation.

Because the different flavor contributions to the
W +jets process are parameterized by the W+jets matrix
element without heavy flavor quarks in the final state, the
weights w; for the background probability are all equal
even if b-tagged jets are present. Therefore, the back-
ground probability calculated for the topological analysis
is used in the b-tagging analysis without modifications.



3. Parameterization of the Jet Energy Resolution

The transfer function for calorimeter jets,
Wiet(Ej, Eq; JES), yields the probability for a measure-
ment F; in the detector if the true quark energy is Ej.
For the case JES =1, it is parameterized as

1
Wil Bt S =) = e 7

lexp (— (B = Eo) =i _2E;§) il > +psexp <—[—(Ej ) —p4]2>] .

2p?

The parameters p; are themselves functions of the quark
energy, and are parameterized as linear functions of the
quark energy so that

pi=a; +E4-b;, (18)

with as set to 0.

The parameters a; and b; are determined from simu-
lated events, after all jet energy corrections have been
applied. The parton and jet energies are fed to an un-
binned likelihood fit that minimizes the x? of the fit to
Equation (17) with respect to a; and b;. A different set of
parameters is derived for each of four 7 regions: |n| < 0.5,
0.5 < |n] < 1.0, 1.0 < |n| < 1.5, and 1.5 < |n| < 2.5, and
for three different quark varieties: light quarks (u, d, s,
¢), 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 |n| < 0.5 is shown in Fig. 3.

For JES # 1, the jet transfer function is modified as
follows:

EV
Wiet (7535, Eq; 1)

cht(Ej, Ey; JES) = TES (19)
[n| region
par <05 0.5—-1.0 1.0-1.5 >1.5
ar —3.00x10"T 7.30x10°T 4.00x10° 1.01x 101

by —2.80x1072 —5.20x1072 —1.08x107! —1.16x107*

as  3.47x10° 2.05x10° 2.65x10° 5.54x10°

by 9.70x1072 1.44x107' 1.51x107! 1.22x107!
as 0.0 0.0 0.0 0.0

bs  3.73x10* 3.98x107* 7.74x107* 1.06x1073
as  1.81x10* 2.23%x10* 1.71x10! 3.77x 10"

by —1.70x10"' —1.57x107' 3.09x1072 —1.54x107*
as  1.71x10* 1.98x 10! 2.00x10* 2.91x10"

bs  9.70x1072 8.04x1072 5.61x1072 —4.45x1072

TABLE 1V: Light quark transfer function parameters (a; in
GeV).
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[n| region
par <05 0.5—-1.0 1.0-1.5 > 1.5
ar —5.08x10° —2.38x10° 0.68x10~ 1  3.30x10°

by 2.40x1073 —6.50x1072 —1.24x107! —3.37x107!
as  3.80x10°  2.40x10°  9.10x107! 1.32x10!
by  870x1072 1.55x107' 1.81x107! 1.32x107!
as 0.0 0.0 0.0 0.0

by 2.12x107%  3.49x107* 7.46x107* 4.06x1072
as  2.23x107!  2.62x10! 1.17x10Y  —1.90x10°
by —1.81x107! —4.07x107! —7.50x10"2 —5.09x 102

as  1.12x10* 2.01x10! 1.80x 10! 3.42x10°
bs  1.12x107'  1.22x107' 7.50x1072 1.34x107!
[n| region
par <05 0.5—1.0 1.0-1.5 >15
a1 1.10x10T7  4.97x10° 1.29x10" 1.36x 107
by —1.33x107! 5.30x107% —1.65x107! —1.32x107!
as  2.99x10° 3.85x10° 4.02x10° 5.42x10°
bo 1.18x107'  4.00x107% 1.25x107' 1.18x107!
as 0.0 0.0 0.0 0.0
bs  3.02x107*% 1.14x1072 4.30x107* 2.42x107*
as  4.53x10! 1.33x 10! 4.51x10" 7.18x10"
by —4.54x1071 —1.91x107' —2.15x107! —1.24x107¢
as  1.58x10! 5.60x10° 1.39x 10! 1.64x 10"
bs  2.25x107' 1.35x107' 1.42x107! 3.40x1072

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

4. Parameterization of the Muon Momentum Resolution

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

W ((a/pr)}s*  (afpr)s™) (20)
! 1 { (a/pr)e = (a/pr)E™
Ner e ) o ’

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

00 for |n| <no
(21)

o =

Vi +le(inl =)l for [nl > no

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

2.760 x 1072 /GeV
c = 593x107%/GeV (22)
no = 1.277.

g0
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FIG. 3: Jet transfer functions for light quark jets, 0.0 <
[n| < 0.5, for parton energies E, = 30GeV (solid), 60 GeV
(dashed), and 90 GeV (dash-dotted curve). The parametriza-
tion corresponds to the reference jet energy scale, JES = 1.0.

The muon charge is not used in the calculation of P,
and Pig; however, for muons with large transverse mo-
mentum it is important to take the possibility of charge
misidentification into account in the transfer function.

C. Calculation of the Signal Probability Ps;g

The leading order matrix element for the process qg —
tt is taken to compute Py,. Neglecting spin correlations,
the matrix element is given by [14]

4
#|? = 2FF (2- 3°3,), (23)

where g2/(4m) = aj is the strong coupling constant, 3 is
the velocity of the top quarks in the ¢¢ rest frame, and s
denotes the sine of the angle between the incoming par-
ton and the outgoing top quark in the tf 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

2 2
Mgy — My, )

4
o o
4 2 2412 2
((mbeu —myg)” + (L)
2 1— A2 2 1 A 2
« <mblv( ) +mi, (1+ &)  (24)

(m3, —m3)* + (mwTw)”

_ @ m%gm—mgE
4 2 2)° )2
=)+ (il
m2e (1-22,) +mi (14 6,)°
« bdu bd (25)

(m2y —m3)” + (mwTw)®
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(for the other case, replace b « b, £ < d, and v « 7).
Here, g,, denotes the weak charge (Gr/V2 = g2 /8m¥,),
ms and my are the masses of the top quark (which is
to be measured) and the W boson, and I'; and I'y are
their widths. Invariant top and W masses in a particular
event are denoted by my,. and m,., 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
denoted by ¢;,. Here and in the following, the symbols d
and @ stand for all possible decay products in a hadronic
W decay. The top quark width is calculated as a function
of the top quark mass according to [15].

The correct association of reconstructed jets with the
final 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 case of the signal probabil-
ity, the mean value of the two assignments with the 4-
momenta of the quarks from the hadronic W decay inter-
changed is computed explicitly by using the symmetrized
formula

4 2 2

F = Jw Mam — "du
4 2
(] -
m2_ (1 —égd) +m2 (1+agd)

2 2 )2 2 (26)
(mgz —miy)” + (mwT'w)

instead of (25), where only the terms containing ¢;, are
affected. Consequently, only a summation over 12 differ-
ent jet-quark assignments remains to be evaluated.

The computation of the signal probability Pig involves
an integral over the momenta of the colliding partons and
over 6-body phase space to cover all possible partonic
final states, cf. Equation (11). The number of dimensions
of the integration is reduced by the following conditions:

e 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 system because the leading order ma-
trix element is used to describe tf production. Also,
the z momentum and energy of the tt system are
known from the momenta of the colliding partons.

e The directions of the quarks and the charged lep-
ton in the final state are assumed to be exactly
measured.

e 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 (u+jets



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-
ficiently if the one-dimensional projections of the inte-
grand onto the individual integration variables have well-
localized peaks. The Breit-Wigner peaks of the integrand
corresponding to the two top quark and two W boson de-
cays in the tf matrix element are more localized than the
peaks from the jet transfer functions, suggesting that the
masses are 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 simplifies
to solving a quadratic equation when choosing p, 1, as
an integration variable instead of the mass of the lep-
tonically decaying W (both solutions of the quadratic
equation are considered when determining Ps;g). There-
fore, the following integration variables are chosen for the
computation of Pyg:

e the magnitude |py| of the momentum of one of the
quarks from the hadronic W decay, with 0 < |py| <
500 GeV,

e the squared mass mZ_ of the hadronically decaying
W, 0 < m2, < (400 GeV)?,

e the squared mass m% g of the top quark with the
hadronic W decay, 0 < m% - < (500 GeV)?,

e the squared mass m7,, of the top quark with the
leptonic W decay, 0 < mgéu < (500 GeV)?,

e the z component p, 3, of the sum of the momenta
of the b quark and neutrino from the top quark
with the leptonic W decay, —500 GeV < p, 4, <
+500 GeV, and

e the muon charge divided by the muon trans-
verse momentum (in the p+jets channel only),
—1/(100 MeV) < (¢/pr),, < +1/(100 MeV).

Thus, for each point in the (|gal, miz, m2 _, my,,
pzpw [ (a/pr), |) integration space the following compu-
tation is performed for each of the 12 possible jet-parton
assignments (where the symmetrized form of the matrix
element according to Equation (26) is used):

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

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

3. The parton distribution functions are evaluated.
For consistency with the leading-order matrix ele-
ment, we use the CTEQS5L [18] parton distribution
functions, summing over all possible quark flavors.
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4. The probabilities to observe the measured jet en-
ergies and muon transverse momentum given the
energies and momentum computed in the first step
are evaluated using transfer functions.

5. The Jacobian determinant for the transformation

from momenta in Cartesian coordinates to the (|py|,

My M2y Miy,, Do | (a/pr), ]) integration

space is included.

The precision of the Py, calculation varies from typically
2% to a maximum of 10 %.

To normalize the signal probability, the integral
Jdo(pp — tt — x; myop, JES) face(x) over 16-dimen-
sional phase space has been computed as a function of
Mop and JES. The detector acceptance and efficiency
is taken into account as outlined in Equation (10). The
results are shown in Fig. 4 for e+jets and p+jets events
as a function of My, for various choices of the JES scale
factor.

D. Calculation of the Background Probability Ppkg

To calculate Py, the jet directions and the charged
electron or muon are taken as well-measured. The in-
tegral over the quark energies in Equation (12) is per-
formed by generating Monte Carlo events with parton
energies distributed according to the jet transfer func-
tion. In these Monte Carlo events, the neutrino trans-
verse momentum is given by the condition that the trans-
verse momentum of the W-jets system be zero, while
the invariant mass of the charged lepton and neutrino is
assumed to be equal to the W mass to obtain the neu-
trino z momentum (b