Available online at www.sciencedirect.com
SCIENCE @DIHEGT"

Physics Letters B 622 (2005) 265-276

PHYSICS LETTERS B
ELSEVIER

www.elsevier.com/locate/physletb

Search for single top quark productionpmp collisions
at/s =196 TeV

D@ Collaboration

V.M. Abazov?, B. Abbott™, M. Abolins®, B.S. Acharyd’, M. Adams®, T. Adams¥,
M. Agelou, J.-L. Agrant, S.H. Ahn?", M. Ahsar?', G.D. AlexeeV, G. Alkhazov®,
A. Alton ®", G. AlversorP™, G.A. Alves®, M. Anastasoai&, T. Andeer?,

S. Anderso®', B. Andriedt, Y. Arnoud?, A. Askew??, B. Asmarpee,

A.C.S. Assis JesufsO. AtramentoV?, C. Autermanrt, C. Avilak, F. Badaud,

A. Baderf¥, B. Baldin®® P.W. Baln®, S. Banerjeé, E. Barberi$™, P. Bargassa,
P. Baringef", C. Barne$!, J. Barretd, J.F. Bartlett?, U. Basslef, D. Bauer®,

A. Bean®", S. Beauceroh M. Begalli¢, M. Begel™, A. Bellavancé?, S.B. Ber#,
G. Bernardi, R. Bernhard??, |. Bertran?s, M. BesancgoH, R. Beuselinck,
V.A. BezzuboV°, P.C. Bhat?, V. Bhatnagat’, M. Binder®, C. Biscarat®,
K.M. Black®, I. Blackler®, G. Blazey*, F. Blekmart", S. Blessing, D. Bloch",
U. Blumenscheif, A. Boehnleirt?, O. Boeriu®, T.A. Bolton®, F. Borcherding?,
G. Borissovs, K. Bos?, E.E. Boos", T. Bose™, A. Brandt’?, R. Brock®®,
G. Brooijmangs, A. Bross*?, N.J. Buchana#¥, D. Buchhol2¢, M. Buehler®,

V. Bueschet, V. Bunichev", S. Burdin’? S. Burke®, T.H. Burnett, E. Busatd,
C.P. Buszelld@, J.M. Butler”, J. Cammirt!, S. Caror¥, W. Carvalhd, B.C.K. Casey’,
N.M. Casorf’, H. Castilla-Valde?, S. Chakrabarff, D. Chakraborty°, K.M. Chan®,

A. Chandr&’, D. Chapirt?, F. Charleg, E. Ched, D.K. Cho", S. Cho#®,
B. Choudhary®, T. Christiansef?, L. Christofek’", D. Claegd, B. Clément,
C. Clément%®, Y. Coadolf"¢" M. Cooke™®, W.E. Coopef?, D. Coppagé",
M. Corcorarf®, A. Cothenet, M.-C. Cousinoti, B. Cox®, S. Crépé-Renaudf
D. Cutts”, H. da Motte?, M. Das?, B. Davies®, G. Davies!, G.A. Davis*®, K. De"?,
P. de Jong, S.J. de Jongf, E. De La Cruz-Burel®", C. De Oliveira Martins,
S. Deart, J.D. Degenhardt, F. Déliot", M. Demarteal®?, R. Demin&', P. Demin¢,
D. Denisov?, S.P. Denisof’, S. Desat", H.T. Diehl*®, M. Diesburg’?, M. Doidge®,
H. Dong", S. Doulag™, L.V. Dudko®, L. Duflot®, S.R. Dugad’, A. Duperrin’,

0370-2693/$ — see front mattér 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleth.2005.07.027


http://www.elsevier.com/locate/physletb

266 D@ Collaboration / Physics Letters B 622 (2005) 265-276

J. Dyer*, A. Dyshkant¢, M. Eads’¢, D. Edmund$°, T. Edwards", J. Ellison®,

J. EImsheuseé?, V.D. Elvira®® S. End®, P. Ermolo", O.V. Eroshirf°, J. Estrad&?,

H. Evang®, A. Evdokimov®™, V.N. Evdokimov®, J. Fast?, S.N. Fatakid',

L. Feligioni®, A.V. Feraponto®, T. Ferbel, F. Fiedler®, F. Filthaut*, W. Fisher,
H.E. Fisk® I. Fleck?, M. Fortner’®, H. Fox?, S. Fu”?, S. Fues®, T. Gadfort®,
C.F. Galed& E. Gallag? E. GalyaeV', C. Garcid', A. Garcia-Bellidd?, J. Gardnef",
V. Gavrilova™, A. Gay', P. Gay’, D. Gel¢', R. Gelhau?, K. Gensef?, C.E. Gerbef®,
Y. Gershteiri?, D. Gillberg®"9", G. Ginthe®, T. Golling?, N. Gollub®#®", B. GémeZ,
K. Goundef?, A. Goussiolf’, P.D. Grannig", S. Gredef, H. Greenleé?,

Z.D. Greenwood, E.M. Gregore§, Ph. Gri¢, J.-F. GrivaZ, L. Groer™,

S. Grinendal®, M.W. Grinewald?, S.N. Gurzhie¥°, G. Gutierre??, P. Gutierrez*,
A. Haas®, N.J. Hadley¥, S. Hagopia®, |. Hall™, R.E. Hal®, C. HarP", L. Han/,
K. HanagakP?, K. Harder, A. Harel®, R. Harringtor?™, J.M. Hauptma#®,

R. Hausef°, J. Hay<¢, T. Hebbeket, D. Hedin", J.M. Heinmiller*®, A.P. Heinsor¥,
U. Heintz?, C. Hense?", G. Hesketli™, M.D. Hildreth®, R. Hirosky*®, J.D. Hobbg",
B. Hoeneisef, M. Hohlfeld®3, S.J. Hong", R. Hoopef”, P. Houber, Y. Hu,

J. Huang®, V. Hynek!, 1. lashvili?, R. lllingworth®, A.S. Ito"?, S. JabeeH,

M. Jaffrés, S. Jair?*, V. Jain®, K. Jakobg, A. Jenkinst, R. Jesik, K. Johns",

M. Johnsort? A. Jonckheer& P. Jonssofi, A. Justé? D. KaferX, S. Kahr,

E. KajfasZ, A.M. Kalinin @, J. Kalk®, D. Karmanov", J. Kaspef', D. Kau®,

R. Kaur®, R. Kehoe?, S. Kermiché, S. Kesisoglo®’, A. Khanov”, A. Kharchilava”,
Y.M. KharzheeW, H. Kim 2, T.J. Kim?", B. Klima®2 J.M. Kohli&4, J.-P. Konrath,
M. Kopal®, V.M. Korablev®°, J. Kotchef", B. Kothari®s, A. Koubarovsky",

A.V. Kozelov®, J. KozminskP°, A. Kryemadht®, S. KrzywdzinskP?, Y. Kulik 2,
A. Kumar?, S. Kunori®, A. Kupco", T. Kuréa", J. Kvita', S. Lagef*®, N. Lahrichi",
G. Landsberd’, J. Lazoflore€?, A.-C. Le Bihan', P. Lebrurt¥, W.M. Lee®, A. Leflat®",
F. Lehnef?!, C. Leonidopoulo®, J. Levequé’, P. Lewis®, J. Li"?, Q.Z. Li®
J.G.R. Lim&c, D. Lincoln®? S.L. Linn®, J. Linnemani®°, V.V. Lipaev®, R. Lipton®?,
L. Lobo®, A. Lobodenkd®, M. Lokajicek", A. Lounis, P. Love®, H.J. Lubattfd,

L. Lueking®®, M. Lynker®, A.L. Lyon®3 A K.A. Maciel’®, R.J. Madara¥', P. Mattig®,
C. Magas$, A. Magerkurtt", A.-M. Magnarf, N. Makovec, P.K. Mal¥,

H.B. Malbouissofi, S. Malik®, V.L. Malyshev, H.S. Mad, Y. Maravin®?,

M. Martens®, S.E.K. Mattingly”, A.A. Mayorov®, R. McCarthy*, R. McCroskey",
D. Meder?® A. Melnitchouk®, A. Mendes, M. Merkina", K.W. Merritt®2, A. Meyer*,
J. Meye?, M. Michaut', H. Miettinen®, J. Mitrevski®s, J. Molina®, N.K. Mondal¥,
R.W. Moore>"¢" T. Moulik®", G.S. Muanz#&, M. Mulders® L. Mundim?¢,

Y.D. Mutaf®, E. Nagy, M. Narain”, N.A. Naumanri¥, H.A. Neal’", J.P. Negret,
S. Nelsori?, P. Neustroet®, C. Noeding, A. NomerotskP?, S.F. Novae$,



D@ Collaboration / Physics Letters B 622 (2005) 265-276 267

T. Nunneman®, E. Nurse“, V. O’Dell ®3 D.C. O'Neil®"¢" V. Oguri¢, N. Oliveira®,
N. Oshima&?, G.J. Otero y Garzof, P. Padley®, N. Parashdt, S.K. Park",
J. Parson®, R. Partridgé’, N. Parua", A. Patwa", G. Pawloskf®, P.M. Pere&,
E. PereZ, P. Pétroff, M. Petten?, R. Piegaid&, M.-A. Pleier*,

P.L.M. Podesta-Lernt V.M. PodstavkoV?, Y. Pogorelov’, M.-E. Pol’, A. Pompo#*,
B.G. Popé®, W.L. Prado da Silvg H.B. Prospef?, S. Protopopescti, J. Qiarf",
A. Quadt/, B. Quinn®?, K.J. Ran#, K. Ranjarf®, P.A. Rapidi$?, P.N. Ratoff*,

S. Reucroft™, M. Rijssenbeek, |. Ripp-Baudot, F. Rizatdinovd', S. Robinsof,
R.F. Rodrigues, C. Royort, P. RubinoV?, R. Ruchtf’, V.I. Rud®", G. Sajof,

A. Sanchez-Hernandé&z M.P. Sander¥, A. Santord, G. Savagé?, L. Sawyer,
T. Scanlori, D. Schaileé®, R.D. Schambergét, H. Schellmari’, P. Schieferdecké?,
C. Schmitf<, C. SchwanenbergérA. Schwartzmaf, R. Schwienhors®,

S. Sengupt#, H. SeverinP*, E. Shabalin&, M. Shamin?', V. Shary,

A.A. Shchukir?®, W.D. Shephartf, R.K. Shivpurié, D. Shpakov¥™, R.A. Sidwell,
V. Simak™, V. Sirotenkd?, P. Skubi®*, P. Slattery", R.P. SmitH?, K. Smolek™,
G.R. Snow?9, J. Snow", S. Snydef', S. Soldner-RemboR, X. Song’,

L. Sonnenschein A. Sopczaks, M. Sosebe®, K. Soustruznik, M. Souzd,

B. Spurlock’?, N.R. Stantofi, J. Stark, J. Steel&, K. Stevensoff, V. Stolina",

A. Stone’®, D.A. Stoyanov&°, J. Strandberdf#®, M.A. Strang®?, M. Strauss$*,

R. Stréhmet®, D. StromPY, M. Strovink®”, L. Stutte®® S. Sumowidagd®,

A. Sznajdef, M. Talby', P. Tamburell@', W. Taylore"¢" P, Telford®, J. Templé",
M. Tomoto, T. Toole™, J. Torbord”, S. Tower$", T. Trefzgef?, S. Trincaz-Duvoid,
B. Tuchming’, C. Tully®, A.S. Turcof¥, P.M. Tuts®, L. Uvarov®, S. Uvaro,

S. Uzunyart®, B. Vachorf"¢" P.J. van den Ber} R. Van Kootert®,

W.M. van Leeuwed, N. Varelag®, E.W. Varnes", A. Vartapetiart?, |.A. Vasilyev®,
M. Vaupel®, P. Verdiel”, L.S. Vertogrado¥, M. VerzocchP¥, F. Villeneuve-Seguiet,
J.-R. Vlimant, E. Von Toerné', M. Vreeswijk¥, T. Vu Anhs, H.D. Wahl?%, L. Wang®,
J. Warchol', G. Wattsd, M. Wayne®', M. Weber2, H. Weert$°, N. Wermeg,

A. White?, V. WhiteP, D. Wicke, D.A. Wijngaarderi®, G.W. Wilson™,

S.J. Wimpenny, J. Wittlin®, M. Wobisch®?, J. Womersley?, D.R. Wood™,

T.R. Wyatt¥, Q. XuP", N. Xuan®, S. Yacool, R. Yamada?, M. Yan®, T. Yasud&?,
Y.A. Yatsunenkd', Y. Yen®, K. Yip *, H.D. Yoo", S.W. Yourf?, J. Yu®?,

A. Yurkewicz™, A. Zabis, A. Zatserklyaniy®, M. Zdrazil®™, C. Zeitnitz*3 D. Zhang®,
X. Zhang™, T. Zhad™, Z. Zhad™, B. Zhou®", J. Zhu, M. Zielinski®, D. Zieminska®,
A. Zieminski®, R. Zitoun®, V. Zutshi®, E.G. Zverey"

@ Universidad de Buenos Aires, Buenos Aires, Argentina
b | AFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
¢ Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
d I nstituto de Fisica Tedrica, Universidade Estadual Paulista, So Paulo, Brazl



268 D@ Collaboration / Physics Letters B 622 (2005) 265-276

€ University of Alberta, Edmonton, AB, Canada
f Smon Fraser University, Burnaby, BC, Canada
9 York University, Toronto, ON, Canada
_ h McGill University, Montreal, Quebec, Canada
) " Ingtitute of High Energy Physics, Beijing, People’'s Republic of China
J University of Science and Technology of China, Hefei, People’s Republic of China
K Universidad de los Andes, Bogoté4, Colombia
I Center for Particle Physics, Charles University, Prague, Czech Republic
M Czech Technical University, Prague, Czech Republic
N Center for Particle Physics, Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
O Universidad San Francisco de Quito, Quito, Ecuador
P Laboratoire de Physique Corpusculaire, IN2P3-CNRS, Université Blaise Pascal, Clermont-Ferrand, France
9 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
' CPPM, IN2P3-CNRS, Université de la Méditerranée, Marseille, France
S IN2P3-CNRS, Laboratoire de I’ Accélérateur Linéaire, Orsay, France
ULPNHE, IN2P3-CNRS, Universités Paris VI and VII, Paris, France
U DAPNIA/Service de Physique des Particules, CEA, Saclay, France
V' IReS, IN2P3-CNRS, Université Louis Pasteur, Srasbourg, France, and Université de Haute Alsace, Mulhouse, France
W Institut de Physique Nucléaire de Lyon, IN2P3-CNRS, Université Claude Bernard, Villeurbanne, France
X 111. Physikalisches Institut A, RWTH Aachen, Aachen, Germany
Y Physikalisches Institut, Universitat Bonn, Bonn, Germany
Z Physikalisches Ingtitut, Universitat Freiburg, Freiburg, Germany
a&|ngtitut fiir Physik, Universitét Mainz, Mainz, Germany
ab | ygwig-Maximilians-Universitat Miinchen, Miinchen, Germany
aC Fachbereich Physik, University of Wuppertal, Wuppertal, Germany
ad panjab University, Chandigarh, India
3¢ Delhi University, Delhi, India
af Tata Institute of Fundamental Research, Mumbai, India
a9 University College Dublin, Dublin, Ireland
ah Korea Detector Laboratory, Korea University, Seoul, South Korea
) al CINVESTAV, Mexico City, Mexico
a8 FOM-Institute NIKHEF and University of AmsterdanyNIKHEF, Amsterdam, The Netherlands
ak Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands
al Joint Institute for Nuclear Research, Dubna, Russia
am ngtitute for Theoretical and Experimental Physics, Moscow, Russia
an Moscow State University, Moscow, Russia
a0 | ngtitute for High Energy Physics, Protvino, Russia
P Petersburg Nuclear Physics Institute, St. Petersburg, Russia
a9 Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Sockholm, Sveden
ar Uppsala University, Uppsala, Sweden
85| ancaster University, Lancaster, United Kingdom
at | mperial College, London, United Kingdom
au yUniversity of Manchester, Manchester, United Kingdom
& University of Arizona, Tucson, AZ 85721, USA
aW | awrence Berkeley National Laboratory and University of California, Berkeley, CA 94720, USA
aX California Sate University, Fresno, CA 93740, USA
8 University of California, Riverside, CA 92521, USA
8Z Florida State University, Tallahassee, FL 32306, USA
ba Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
bb University of Illinois at Chicago, Chicago, IL 60607, USA
be Northern Illinois University, DeKalb, IL 60115, USA
bd Northwestern University, Evanston, IL 60208, USA
be |ndiana University, Bloomington, IN 47405, USA
bf University of Notre Dame, Notre Dame, IN 46556, USA
bg |owa State University, Ames, |A 50011, USA
_bh University of Kansas, Lawrence, KA 66045, USA
bi Kansas Sate University, Manhattan, KA 66506, USA



D@ Collaboration / Physics Letters B 622 (2005) 265-276 269

bi | ouisiana Tech University, Ruston, LA 71272, USA
bk University of Maryland, College Park, MD 20742, USA
bl Boston University, Boston, MA 02215, USA
bM Northeastern University, Boston, MA 02115, USA
bn University of Michigan, Ann Arbor, MI 48109, USA
bo Michigan Sate University, East Lansing, M1 48824, USA
bP University of Mississippi, University, MS38677, USA
bd University of Nebraska, Lincoln, NE 68588, USA
br Princeton University, Princeton, NJ 08544, USA
bs Columbia Uni versity, New York, NY 10027, USA
bt University of Rochester, Rochester, NY 14627, USA
bu gtate Uni versity of New York, Stony Brook, NY 11794, USA
bv Brookhaven National Laboratory, Upton, NY 11973, USA
bW |_angston University, Langston, OK 73050, USA
bX University of Oklahoma, Norman, OK 73019, USA
by Brown University, Providence, Rl 02912, USA
bz University of Texas, Arlington, TX 76019, USA
€@ sputhern Methodist University, Dallas, TX 75275, USA
¢b Rice University, Houston, TX 77005, USA
€€ University of Virginia, Charlottesville, VA 22901, USA
cd University of Washington, Seattle, WA 98195, USA

Received 20 May 2005; received in revised form 1 July 2005; accepted 13 July 2005
Available online 21 July 2005
Editor: L. Rolandi

Abstract

We present a search for electroweak production of single top quarks indhannel and-channel using neural networks
for signal-background separation. We have analyzed 23 pbdata collected with the D@ detector at the Fermilab Tevatron
Collider at a center-of-mass energy of 1.96 TeV and find no evidence for a single top quark signal. The resulting 95% confidence
level upper limits on the single top quark production cross sections are 6.4 pbsirtkti@nel and 5.0 pb in thechannel.
0 2005 Elsevier B.V. All rights reserved.

PACS: 14.65.Ha; 12.15.Ji; 13.85.Qk

1. Introduction ing single top quark production will provide direct
measurements of the CKM matrix elemet,| and
top quark polarization, and will probe possible new

n_physics in the top quark sectf#,3].

There are two main modes of single top quark

Top quark physics provides fundamental knowl-
edge of the strong and electroweak sectors of the sta
dard model and offers discovery potential for physics production as shown ifig. I the s-channel (b)

beyond the standard model. The top quark was dis- _ b+ ¥ and ther-ch {ab
covered in 1995 at the Fermilab Tevatron Collider PrO¢€S®2 — 1 + X and ther-channel {gb) process

in 7 events produced through the strong interac- gp — tqlelrtXaT?e prto:julctlo(? crosz se(;\t:lt_)gs .hat\;]e
tion [1]. The standard model predicts that proton— een calculated at next-to-leading order ( ) in the

antiproton collisions should also produce single top strong coupling constarid—8], yielding Q88+ 0.14

: : b for thes-channel and 8+ 0.30 pb[4,5] for thet-
ks through the el k : - P
quarks through the electroweak interaction. Study channel, assuming a top quark massiot= 175 GeV.

Both the D@ and CDF Collaborations have previ-
E-mail address: schwier@fnal.goR. Schwienhorst). QUSIV performed searches for single top quark produc—
1 Visitor from University of Zurich, Zurich, Switzerland. tion [9,10]. Recently, CDF performed a search using
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Fig. 1. Representative Feynman diagrams for electroweak top quark

production at the Tevatron Collider. This figure shows (a) the
s-channel and (b) the.channel.

160 pb ! of data and obtained upper limits of 13.6 pb
(s-channel), 10.1 pbr{channel), and 17.8 pby ¢ ¢
combined) at 95% C.L11].

In this Letter, we present a new search for elec-
troweak production of single top quarks with the D@

D@ Collaboration / Physics Letters B 622 (2005) 265-276

and a scintillating fiber tracker, both located within
a 2 T solenoidal magnet. The calorimeters consist of
a central barrel in the regiomged < 1.1, and two
end caps extending the coverage|iget ~ 4.2. The
muon system outside the calorimeter consists of a
layer of tracking detectors and scintillation counters
before 1.8 T toroids, followed by two similar layers
after the toroids. Luminosity is measured using plastic
scintillator arrays located in front of the end calorime-
ters.

3. Data set and event selection

The data were recorded between August 2002 and

detector. Our search focuses on the final state in which March 2004 using a trigger that required an electro-

the top quark decays intdbequark and & boson, and
the W boson then decays into an electron or a muon,

magnetic energy cluster and a jet in the calorimeter for
the electron channel, or a muon and a jet for the muon

and a neutrino. This gives rise to an event signature channel. The integrated luminosity is 226 plfor the

with a high transverse momentunp() lepton with
significant missing transverse enerdgr{ from the
neutrino. In addition, the-channel has twaé-quark
jets, whereas the-channel typically has onk-quark
jet together with a light-quark jet. Thiequark jet in
the t-channel, as represented fig. 1(b), is usually
emitted in the forward direction with lowr and is
often undetectefb,8]. The main backgrounds in this
analysis are thé¥V boson production in association
with jets (W + jets), top quark pairz), and multi-

electron channel and 229 pbfor the muon channel.

In the electron channel, we require exactly one iso-
lated electrol3] with p7 > 15 GeV andngei < 1.1.
In the muon channel, events are selected by requir-
ing exactly one isolated mudt3] with py > 15 GeV
and|ngetl < 2.0. For both channels, events are also re-
quired to havéZr > 15 GeV. Events must have from
two to four jets with the leading jgir > 25 GeV and
Indetl < 2.5, and all other jets havingr > 15 GeV
and |nget < 3.4. Jets are defined using a cone al-

jet production. We use neural networks to separate the gorithm with radiusR = 0.5 [14]. Misreconstructed
signals from the backgrounds. In the absence of any events are rejected by requiring that the direction of

significant evidence for signal, we build a binned like-
lihood from the neural network outputs to set upper
limits on the single top quark production cross sec-
tions.

2. The DD detector

The DY detector consists of a central tracking sys-
tem, liquid-argon/uranium calorimeters, and an iron
toroid muon spectrometefl2]. The central track-
ing system covers the detector pseudorapidiégion
Indetl < 2.5. It includes a silicon microstrip tracker

2 pseudorapidity is defined as= — In(tan%), wheref is the po-
lar angle with the origin at the primary vertex. Detector fiducial

F 7 is not aligned or anti-aligned in azimuth with the
lepton or the jets.

The fraction of signal-like events is further en-
hanced through the selection bfquark jets that are
identified by reconstructing displaced vertices from
long-lived particles. A displaced vertex is selected
by requiring the transverse decay-length significance,
Lyy/oL,,, to be greater than seven, whdrg, is the
decay length and is the uncertainty o, cal-
culated from the error matrices of the tracks and the
primary vertex. A jet is considereb-tagged by this
algorithm if a displaced vertex lies within a cone of
radiusR = 0.5 around the jet axiglL5].

regions are defined by detector pseudorapidify; which is cal-
culated with the origin at the nominal center of the deteciet Q).
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For boths-channel and-channel searches, we sep-

271

Table 1

arate the data into independent analysis sets based orfFstimates for signal and background yields and the numbers of

final-state lepton flavor (electron or muon) ahdag
multiplicity. To take advantage of the different final
state topologies, we separate single-tagged (ag)
events from double-tagge@@ tags) events. In the
channel search, we additionally require that one of the
jets is notb tagged.

4. Acceptances and yields

We estimate the kinematic and geometric accep-
tances fors-channel and-channel single top quark
production using theoMPHEPmMatrix element event
generator[16] with m;, = 175 GeV. The factoriza-
tion scales aren? for the s-channel samples and
(m;/2)? for the r-channel samples. For thechannel
(¢-channel) search, thechannel {-channel) is con-
sidered as background.

We use both Monte Carlo events and data to es-
timate the background yields. TH& + jets and di-
boson W W and W Z) backgrounds are estimated us-
ing events generated withLPGEN [17]. The diboson
background yields are normalized to NLO cross sec-
tions computed withtvcFm [18]. The total W + jets
yield is normalized to the yield in data corrected for
the presence of multijet; and dibosons before re-
quiring a b-tagged jet. The fraction of heavy-flavor
(Wbb) events is obtained using the ratio of the NLO
cross sections foW + jets andWbb, as described in
Ref.[19]. This normalization to data also accounts for
smaller contributions such &+ jets events in which
one of the leptons from th& boson decay is not re-
constructed.

The t7 background, consisting of the leptonic de-
cay modes of théV boson from the top quark decay

(¢ + jets and dilepton), is estimated using samples gen-

erated withALPGEN, normalized to the cross section:
o(tf) = 6.7 + 1.2 pb[20], where the uncertainty on

the top quark mass is incorporated into the cross sec-

tion uncertainty.

observed events in data after event selection for the electron and
muon, single-tagged and double-tagged analysis sets combined. The
W + jets yields include the diboson backgrounds. The total back-
ground for thes-channel {-channel) search includes theb (1b)

yield. The quoted yield uncertainties include systematic uncertain-
ties taking into account correlations between the different analysis
channels and samples

Source s-channel search t-channel search
th 55+12 47+1.0

tqb 8.6+19 85419

W + jets 1691+ 19.2 1639+ 17.8

tr 783+17.6 759+ 170
Multijet 31.4+33 313+3.2

Total background 284+ 314 2758+ 315
Observed events 283 271

energies are smeared to reproduce the resolutions ob-
served in data.

The background from jets misidentified as elec-
trons or jets resulting in isolated muons is estimated
using multijet data samples that pass all event selec-
tion cuts, but fail the requirement on muon isolation or
electron quality{13]. This background is normalized
using a data sample dominated by multijet events, se-
lected by requiring ;7 < 15 GeV.

The overall acceptances, including trigger and se-
lection efficiencies, for signal events with at least one
b-tagged jet arg2.7 + 0.2)% in the s-channel and
(1.9+ 0.2)% in thet-channel. The acceptance is cal-
culated as the fraction of events that pass the selection
over all possible single top quark decays, including all
leptonic and hadronic decays of thi# boson. Esti-
mates for signal and background yields and the ob-
served numbers of events after selection are shown in
Table 1

5. Neural networksanalysis
After event selection, several variables are com-

bined in neural networks to discriminate the single
top quark signals from the backgrounds. The net-

The parton-level samples are then processed with works are composed of three layers of nodes: input,

PYTHIA [21] for hadronization, particle decays, and
modeling of the underlying event. The generated
events are processed throughsaNT-based22] sim-

ulation of the D@ detector. The resulting lepton and jet

hidden, and output. For training and testing, we use
the MLPFIT [23] package. Testing and training event

sets are created from simulated signal and background
samples. We use a technique called early stopping
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Table 2
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Input variables for each neural network signal-background pair. Variable descriptions can be found in the text

Variable Description Signal-background pairs
th tqb
Wbb  tt  Wbb  tf
Individual object kinematics
pr(etlagged Transverse momentum of the leading tagged jet J v Y -
P (i€tlintagged Transverse momentum of the leading untagged jet - -/ J
pr (i€t2untagged Transverse momentum of the second untagged jet - - -V
pr(etlhonbest Transverse momentum of the leading nonbest jet J v - -
1 (et2honbest Transverse momentum of the second nonbest jet Vv v - -
Global event kinematics
M7 (jetl, jet2) Transverse mass of the two leading jets Vv - - -
pr(etl, jet2 Transverse momentum of the two leading jets J - Vv -
M (alljets) Invariant mass of all jets v v v
Hy (alljets) Sum of the transverse energies of all jets - -V -
M (alliets— jetliagged Invariant mass of all jets excluding the leading tagged jet - - -
H (alljets— jetliagged Sum of the energies of all jets excluding the leading tagged jet - J - Vv
Hr (alljets— jetliagged Sum of the transverse energies of all jets excluding the leading tagged jet - - -V
pr(alliets— jetlagged Transverse momentum of all jets excluding the leading tagged jet - J - J
M (alljets— jetyeg) Invariant mass of all jets excluding the best jet - J - -
H (alljets— jetpes) Sum of the energies of all jets excluding the best jet - J - -
Hr (alljets— jetpeg) Sum of the transverse energies of all jets excluding the best jet - J - -
MW, jetlagged Invariant mass of the reconstructed top quark using the leading tagged jet ./ v Y Vv
MW, jetyes) Invariant mass of the reconstructed top quark using the best jet Vv - - -
§ Invariant mass of all final state objects v - Vv v
Angular variables
AR(jetl, jet2) Angular separation between the leading two jets J - v -
n(jetlyntagged X Q¢ Pseudorapidity of the leading untaggedsetepton charge - -
cog¥, Q¢ X 2)topyest Top quark spin correlation in the optimal basis for thehanne[25], Vv - - -
reconstructing the top quark with the best jet
cog¢, J'etluntaggedtop[agged Top quark spin correlation in the optimal basis for thehanne[25], - - v -
reconstructing the top quark with the leading tagged jet
cogalljets jetlizggedalliets ~ Cosine of the angle between the leading tagged jet and the alljets system in— - v Vv
the alljets rest frame
cogalljets jethonpestalljets Cosine of the angle between the leading non-best jet and the alljets systemin v - -

the alljets rest frame

[24] to determine the maximum number of epochs
for training which prevents over-training. Each net-
work is then tuned by choosing the optimal number

variables to each network are selected from this list
by training with different combinations of variables
and choosing the combination that produces the mini-

of hidden nodes. From studies based on optimizing mum testing error and largest signal-background sep-

the expected upper limits on the single top quark pro-
duction cross sections, we find that thehannel and

aration. Table 2 shows the variables used for each
signal-background pair. These variables fall into three

t-channel searches each require only two networks, categories: individual-object kinematics, global-event

corresponding to the dominant backgrouridté and

tt — £ + jets.

kinematics, and angular correlations.
Since the input variables do not depend on the lep-

The list of discriminating variables has been cho- ton flavor, the electron and muon analyses utilize the
sen based on an analysis of Feynman diagrams ofsame variables. However, owing to different lepton

signals and background26] and on a study of sin-
gle top quark production at NL(}7,8]. The input

resolutions and pseudorapidity ranges, we construct
separate networks for them. Therefore, four neural
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Fig. 2. Comparison of signal, background, and data for the electron and muon channels combined, requiring at least one tag, for four repre-
sentative neural network input variables. Shown are (a) the transverse momentum of the leading untagged jet, (b) the invariant mass of the
reconstructed top quark using the leading tagged jet, (c) the invariant mass of the final state system, and (d) the pseudorapidity of the leading
untagged jet multiplied by the charge of the lepton. Signals are multiplied by ten.

networks are used for the signal-background pairs Fig. 3 shows the outputs of the neural networks

(tb=Wbb, th—tt, tqb—Wbb, tqb—tt) for each of the
electron and muon channels.

Fig. 2 shows distributions of four representative
variables. We reconstruct the final state top quark from
the reconstructed” boson and a jet as follows. The
W boson is reconstructed from the isolated lepton
and the missing transverse energy. Theomponent
of the neutrino momentuny() is calculated using a
W boson mass constraint, choosing the solution with
smaller|p?| from the two possible solutiong7]. In

the s-channel analysis, the top quark is reconstructed

from theW boson and the “best” j§®]. The best jetis
defined as the jet in each event for which the invariant
mass of the reconstructédd boson and the jet system
is closest ton, = 175 GeV. In the-channel analysis,
the top quark is reconstructed from tHé boson and
the leadingh-tagged jet. Using these two methods we
are able to correctly identify the-quark jet from the
top quark decay in about 90% of the signal events.

for the data and the expected backgrounds, as well
as signals for the electron and muon channels com-
bined. The neural network output imLPFIT is around
one for signal events and around zero for background
events, but it is not constrained to the interi@|1].

The ¢t networks separate signal and backgrounds
efficiently. TheW bb networks are less efficient for the
W + jets backgrounds because the event kinematics
are similar between signal and background.

6. Systematic uncertainties

Systematic uncertainties are evaluated for the
Monte Carlo signal and background samples, sepa-
rately for the electron and muon channels and for
eachb-tag multiplicity. The most important sources of
systematic uncertainty are listed Table 3 The sys-
tematic uncertainty on the shapes of the distributions
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Fig. 3. Comparison of signal, background, and data for the neural network outputs, for the electron and muon channels combined, requiring at

tqb-Wbb NN output

least one tag. This figure shows (a) tthe7 filter, (b) therqb—1 filter, (c) thetb—Wbb filter, and (d) thegb—Wbb filter. Signals are multiplied

by ten.

Table 3
Range of systematic uncertainty values for the various Monte Carlo
signal and background samples in the different analysis channels

Source of systematic uncertainty Uncertainty range (%)

Signal and background acceptance

b-tag modeling 5-20
jet energy calibration 1-15
trigger modeling 2-7
jet fragmentation 5-7
jet identification 1-13
lepton identification 4
Background normalization
theory cross sections 2-18
W + jets flavor composition 5-16
Luminosity 6.5

is also taken into account for the contributions frbm
tag modeling, jet energy calibration, jet identification,
and trigger modeling. In order to evaluate the total

uncertainty, we consider all sources of systematic un-

tagged events is 13% for thechannel and 15% for
thez-channel, and for double-tagged events it is 24%
for the s-channel and 28% for thechannel. The to-

tal uncertainty on the background yield is 10% for the
single-tagged samples and 26% for the double-tagged
samples.

7. Crosssection limits

The observed data are consistent with the back-
ground predictions for all eight analysis channels. We
therefore set upper limits on the single top quark pro-
duction cross section separately in tiehannel and
t-channel searches using a Bayesian appr¢ash
In each search, two-dimensional histograms are con-
structed from théVbb vs. t7 neural network outputs.

A likelihood is built from these histograms for signal,
background, and data, as a product over all channels

certainties for all samples and their correlations. The (electron and muon, single and double tags) and bins.

total uncertainty on the signal acceptance for single-

We assume a Poisson distribution for the observed
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D@ 230 pb’ viously published result®—11]due to the larger data
— t-channel set as well as the use of a multivariate analysis tech-
0.3 —— s-channel nique together with shape information from the result-

ing output distributions. They approach the region of

sensitivity for models of physics beyond the standard

0° <5.0 pb model, such as a fourth quark-generation scenario or
flavor-changing neutral-current3].
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number of events in each bin and a flat prior pro
ability for the signal cross section. The prior for the
combined signal acceptance and background yields is
a multivariate Gaussian with uncertainties and corre-
lations described by a covariance matrix. Finally, we
compute the posterior probability density as a function
of the production cross section.

The Bayesian posterior probability densities are
shown inFig. 4 for both thes-channel and-channel
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