N
N

N

HAL

open science

Search for anomalous heavy-flavor quark production in

association with W bosons
V.M. Abazov, B. Abbott, M. Abolins, B.S. Acharya, M. Adams, T. Adams,
M. Agelou, J.L. Agram, S.H. Ahn, M. Ahsan, et al.

» To cite this version:

V.M. Abazov, B. Abbott, M. Abolins, B.S. Acharya, M. Adams, et al.. Search for anomalous heavy-
flavor quark production in association with W bosons. Physical Review Letters, 2005, 94, pp.152002-
1-152002-7. 10.1103/PhysRevLett.94.152002 .

in2p3-00023478

HAL Id: in2p3-00023478
https://hal.in2p3.fr/in2p3-00023478

Submitted on 21 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.in2p3.fr/in2p3-00023478
https://hal.archives-ouvertes.fr

arXiv:hep-ex/0411084v2 30 Nov 2004

A Search for Anomalous Heavy-Flavor Quark Production
in Association with W Bosons

V.M. Abazov,* B. Abbott,”" M. Abolins,*? B.S. Acharya,?® M. Adams,*® T. Adams,*” M. Agelou,'” J.-L. Agram,'®
S.H. Ahn,?° M. Ahsan,®® G.D. Alexeev,?* G. Alkhazov,3® A. Alton,’" G. Alverson,’® G.A. Alves,? M. Anastasoaie,??
T. Andeen,® S. Anderson,*® B. Andrieu,'® Y. Arnoud,'® A. Askew,”® B. Asman,? O. Atramentov,?*

C. Autermann,?® C. Avila,” F. Badaud,'? A. Baden,”® B. Baldin,*® P.W. Balm,?? S. Banerjee,?® E. Barberis,®
P. Bargassa,”® P. Baringer,®® C. Barnes,*! J. Barreto,? J.F. Bartlett,*® U. Bassler,' D. Bauer,”> A. Bean,>®
S. Beauceron,'® M. Begel,%” A. Bellavance,%* S.B. Beri,?® G. Bernardi,'® R. Bernhard,*®* 1. Bertram,*’

M. Besancon,'” R. Beuselinck,*' V.A. Bezzubov,>” P.C. Bhat,*® V. Bhatnagar,?® M. Binder,?* C. Biscarat,*’
K.M. Black,” I. Blackler,*! G. Blazey,”® F. Blekman,3? S. Blessing,*” D. Bloch,'® U. Blumenschein,??

A. Boehnlein,*® O. Boeriu,?® T.A. Bolton,?® F. Borcherding,*® G. Borissov,*’ K. Bos,3? T. Bose,’® A. Brandt,”
R. Brock,%? G. Brooijmans,% A. Bross,*® N.J. Buchanan,*” D. Buchholz," M. Buehler,*® V. Buescher,??

S. Burdin,*® T.H. Burnett,”” E. Busato,'® J.M. Butler,” J. Bystricky,'” W. Carvalho,> B.C.K. Casey,™
N.M. Cason,”® H. Castilla-Valdez,?! S. Chakrabarti,?® D. Chakraborty,>® K.M. Chan,%” A. Chandra,?® D. Chapin,
F. Charles,'® E. Cheu,*® L. Chevalier,!” D.K. Cho,5” S. Choi,*® B. Choudhary,?” T. Christiansen,?* L. Christofek,>®
D. Claes,* B. Clément,'® C. Clément,? Y. Coadou,” M. Cooke,” W.E. Cooper,*® D. Coppage,®® M. Corcoran,”
A. Cothenet,'* M.-C. Cousinou,'* B. Cox,*? S. Crépé-Renaudin,*® M. Cristetiu,*8 D. Cutts,”? H. da Motta,>
B. Davies,*® G. Davies,*! G.A. Davis,>! K. De,” P. de Jong,?? S.J. de Jong,®® E. De La Cruz-Burelo,?!

C. De Oliveira Martins,® S. Dean,*? F. Déliot,'” M. Demarteau,*® R. Demina,’” P. Demine,!” D. Denisov,*®
S.P. Denisov,?” S. Desai,®® H.T. Diehl,*® M. Diesburg,*® M. Doidge,*® H. Dong,%® S. Doulas,’° L.V. Dudko,3¢
L. Duflot,’® S.R. Dugad,?® A. Duperrin,'* J. Dyer,%2 A. Dyshkant,’® M. Eads,”® D. Edmunds,? T. Edwards,*?
J. Ellison,*® J. Elmsheuser,?* J.T. Eltzroth,”® V.D. Elvira,*® S. Eno,*® P. Ermolov,?¢ O.V. Eroshin,3” J. Estrada,*8
D. Evans,*! H. Evans,%¢ A. Evdokimov,?® V.N. Evdokimov,3” J. Fast,*® S.N. Fatakia,?® L. Feligioni,?®
T. Ferbel,%” F. Fiedler,?* F. Filthaut,?® W. Fisher,%° H.E. Fisk,*® M. Fortner,’® H. Fox,??2 W. Freeman,*®
S. Fu,*® S. Fuess,*® T. Gadfort,”” C.F. Galea,?? E. Gallas,*® E. Galyaev,”® C. Garcia,’” A. Garcia-Bellido,””

J. Gardner,?® V. Gavrilov,?® P. Gay,'2 D. Gelé,'® R. Gelhaus,® K. Genser,*® C.E. Gerber,*® Y. Gershtein,”?

G. Ginther,5” T. Golling,2! B. Gémez,” K. Gounder,*® A. Goussiou,”® P.D. Grannis,’® S. Greder,'® H. Greenlee,*®
Z.D. Greenwood,®” E.M. Gregores,* Ph. Gris,'? J.-F. Grivaz,'® L. Groer,%® S. Griinendahl,*® M.W. Griinewald,?’
S.N. Gurzhiev,3” G. Gutierrez,*® P. Gutierrez,”" A. Haas,%® N.J. Hadley,”® S. Hagopian,*” I. Hall,”! R.E. Hall,*>
C. Han,%!' L. Han,*? K. Hanagaki,*® K. Harder,?® R. Harrington,®® J.M. Hauptman,®® R. Hauser,5? J. Hays,?!
T. Hebbeker,?° D. Hedin,?® J.M. Heinmiller,*® A.P. Heinson,*® U. Heintz,*® C. Hensel,?® G. Hesketh,%

M.D. Hildreth,?® R. Hirosky,”® J.D. Hobbs,% B. Hoeneisen,'' M. Hohlfeld,?® S.J. Hong,?® R. Hooper,” P. Houben,??
Y. Hu,%® J. Huang,®? 1. Iashvili,*¢ R. Illingworth,*® A.S. Ito,*® S. Jabeen,®® M. Jaffré,'® S. Jain,”" V. Jain,%"

K. Jakobs,?? A. Jenkins,*! R. Jesik,*! K. Johns,*> M. Johnson,*® A. Jonckheere,*® P. Jonsson,*! H. Jostlein,*®
A. Juste,*® D. Kifer,2® W. Kahl,%6 S. Kahn,% E. Kajfasz,'* A.M. Kalinin,?* J. Kalk,%? D. Karmanov,3°
J. Kasper,” D. Kau,*” R. Kaur,?® R. Kehoe,” S. Kermiche,'* S. Kesisoglou,”> A. Khanov,%” A. Kharchilava,®
Y.M. Kharzheev,?* K.H. Kim,?° B. Klima,*® M. Klute,?' J.M. Kohli,?® M. Kopal,”* V.M. Korablev,>” J. Kotcher,%
B. Kothari,%6 A. Koubarovsky,® A.V. Kozelov,” J. Kozminski,%? S. Krzywdzinski,*® S. Kuleshov,?® Y. Kulik,*®
A. Kumar,?” S. Kunori,®® A. Kupco,'? T. Kurca,'” S. Lager,3® N. Lahrichi,'” G. Landsberg,” J. Lazoflores,*”
A.-C. Le Bihan,'® P. Lebrun,'® S.W. Lee,>® W.M. Lee,*” A. Leflat,3¢ F. Lehner,*®* C. Leonidopoulos,% P. Lewis,*!
J. Li,”® Q.Z. Li,*® J.G.R. Lima,’® D. Lincoln,*® S.L. Linn,*” J. Linnemann,%? V.V. Lipaev,>” R. Lipton,*®
L. Lobo,*! A. Lobodenko,?® M. Lokajicek,'? A. Lounis,'® H.J. Lubatti,”” L. Lueking,*® M. Lynker,>® A.L. Lyon,*®
A K.A. Maciel,® R.J. Madaras,** P. Mittig,2®> A. Magerkurth,% A.-M. Magnan,'® N. Makovec,'® P.K. Mal,?®
S. Malik,*” V.L. Malyshev,* H.S. Mao,% Y. Maravin,*® M. Martens,*® S.E.K. Mattingly,”> A.A. Mayorov,3”

R. McCarthy,%® R. McCroskey,** D. Meder,?® H.L. Melanson,*® A. Melnitchouk,®® A. Mendes,'* M. Merkin,3%
K.W. Merritt,*® A. Meyer,?° M. Michaut,'” H. Miettinen,”® J. Mitrevski,%® N. Mokhov,*® J. Molina,3
N.K. Mondal,?® R.W. Moore,® G.S. Muanza,'® M. Mulders,*® Y.D. Mutaf,’® E. Nagy,'* M. Narain,*’

N.A. Naumann,?? H.A. Neal,®' J.P. Negret,” S. Nelson,*” P. Neustroev,>® C. Noeding,??> A. Nomerotski,*®
S.F. Novaes,* T. Nunnemann,?* E. Nurse,*?> V. O’Dell,*® D.C. O’Neil,> V. Oguri,® N. Oliveira,® N. Oshima,*®
G.J. Otero y Garzén,*® P. Padley,”® N. Parashar,”” J. Park,?® S.K. Park,?® J. Parsons,%¢ R. Partridge,”® N. Parua,%®


http://arxiv.org/abs/hep-ex/0411084v2

A. Patwa,%9 P.M. Perea,’6 E. Perez,!” P. Pétroff,!> M. Petteni,*! L. Phaf,3?> R. Piegaia,’ M.-A. Pleier,5”
P.L.M. Podesta-Lerma,?' V.M. Podstavkov,*® Y. Pogorelov,?>® B.G. Pope,5?2 W.L. Prado da Silva,® H.B. Prosper,*”
S. Protopopescu,®® J. Qian,%! A. Quadt,?' B. Quinn,®® K.J. Rani,?® K. Ranjan,?” P.A. Rapidis,*® P.N. Ratoff,%°
N.W. Reay,’® S. Reucroft,5° M. Rijssenbeek,%® I. Ripp-Baudot,'® F. Rizatdinova,’® C. Royon,'!” P. Rubinov,*
R. Ruchti,®® V.I. Rud,*® G. Sajot,"® A. Sdnchez-Hernédndez,?! M.P. Sanders,*?> A. Santoro,® G. Savage,*®
L. Sawyer,”” T. Scanlon,*! D. Schaile,?* R.D. Schamberger,®® H. Schellman,®® P. Schieferdecker,?* C. Schmitt,?®
A.A. Schukin,?” A. Schwartzman,% R. Schwienhorst,% S. Sengupta,*” H. Severini,”" E. Shabalina,® M. Shamim,®®
V. Shary,!” W.D. Shephard,®® R.K. Shivpuri,?” D. Shpakov,’® R.A. Sidwell,6 V. Simak,® V. Sirotenko,*®
P. Skubic,” P. Slattery,®” R.P. Smith,*® K. Smolek,” G.R. Snow,** J. Snow,™ S. Snyder,% S. S6ldner-Rembold,*?
X. Song,?® Y. Song,™ L. Sonnenschein,? A. Sopczak,** M. Sosebee,” K. Soustruznik,® M. Souza,?

B. Spurlock,” N.R. Stanton,?® J. Stark,' J. Steele,>” G. Steinbriick,’® K. Stevenson,? V. Stolin,> A. Stone,*
D.A. Stoyanova,?” J. Strandberg,?® M.A. Strang,”® M. Strauss,”’ R. Stréhmer,?* D. Strom,”’ M. Strovink,**

L. Stutte,*® S. Sumowidagdo,*” A. Sznajder,> M. Talby,'* P. Tamburello,** W. Taylor,®> P. Telford,*? J. Temple,*
E. Thomas,'* B. Thooris,!” M. Tomoto,*® T. Toole,?® J. Torborg,>® S. Towers,% T. Trefzger,?® S. Trincaz-Duvoid,'6
B. Tuchming,'” C. Tully,%® A.S. Turcot,% P.M. Tuts,% L. Uvarov,® S. Uvarov,?® S. Uzunyan,”® B. Vachon,’
R. Van Kooten,®?> W.M. van Leeuwen,?? N. Varelas,*® E.W. Varnes,*? .A. Vasilyev,>” M. Vaupel,?® P. Verdier,'®
L.S. Vertogradov,?* M. Verzocchi,?® F. Villeneuve-Seguier,*! J.-R. Vlimant,'® E. Von Toerne,?® M. Vreeswijk,32
T. Vu Anh,'® H.D. Wahl,*” R. Walker,*! L. Wang,*® Z.-M. Wang,%® J. Warchol,>®> M. Warsinsky,?!

G. Watts,”” M. Wayne,>®> M. Weber,*® H. Weerts,%2 M. Wegner,?° N. Wermes,?! A. White,”® V. White,*8
D. Whiteson,** D. Wicke,*® D.A. Wijngaarden,?®* G.W. Wilson,?> S.J. Wimpenny,*6 J. Wittlin,>® M. Wobisch,*®
J. Womersley,*® D.R. Wood,%% T.R. Wyatt,*? Q. Xu,%* N. Xuan,’® S. Yacoob,! R. Yamada,*® M. Yan,?®
T. Yasuda,*® Y.A. Yatsunenko,?* Y. Yen,?® K. Yip,%® S.W. Youn,®* J. Yu,” A. Yurkewicz,%® A. Zabi,'®
A. Zatserklyaniy,’® M. Zdrazil,®® C. Zeitnitz,2® D. Zhang,*® X. Zhang,”* T. Zhao,”” Z. Zhao,%' B. Zhou,%! J. Zhu,*®

M. Zielinski,®” D. Zieminska,?? A. Zieminski,’? R. Zitoun,%® V. Zutshi,’® E.G. Zverev,3® and A. Zylberstejn!”
(DO Collaboration)
Y 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
S Institute of High FEnergy Physics, Beijing, 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 Institute of Physics, Academy of Sciences, Center for Particle Physics, Prague, Czech Republic
Y Universidad San Francisco de Quito, Quito, Fcuador
2 Laboratoire de Physique Corpusculaire, IN2P8-CNRS, Université Blaise Pascal, Clermont-Ferrand, France
13 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
1M CPPM, IN2P3-CNRS, Université de la Méditerranée, Marseille, France
5 Laboratoire de 1’Accélérateur Linéaire, IN2P3-CNRS, Orsay, France
18 LPNHE, IN2P3-CNRS, Universités Paris VI and VII, Paris, France
" DAPNIA /Service de Physique des Particules, CEA, Saclay, France
18JReS, 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
2011I. Physikalisches Institut A, RWTH Aachen, Aachen, Germany
2! Physikalisches Institut, Universitdt Bonn, Bonn, Germany
22 physikalisches Institut, Universitit Freiburg, Freiburg, Germany
23 Institut fiir Physik, Universitit Mainz, Mainz, Germany
2 Ludwig-Mazimilians- Universitit Mimchen, Minchen, Germany
25 Fachbereich Physik, University of Wuppertal, Wuppertal, Germany
26 Panjab University, Chandigarh, India
2T Delhi University, Delhi, India
28 Tata Institute of Fundamental Research, Mumbai, India
2 University College Dublin, Dublin, Ireland
30 Korea Detector Laboratory, Korea University, Seoul, Korea
3LCINVESTAV, Mexico City, Mexico
32 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands



33 University of Nigmegen/NIKHEF, Nijmegen, The Netherlands
34 Joint Institute for Nuclear Research, Dubna, Russia
35 Institute for Theoretical and Experimental Physics, Moscow, Russia
36 Moscow State University, Moscow, Russia
37 Institute for High Energy Physics, Protvino, Russia
38 Petersburg Nuclear Physics Institute, St. Petersburg, Russia
3 Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Stockholm, Sweden, and
Uppsala University, Uppsala, Sweden
40 Lancaster University, Lancaster, United Kingdom
4 Imperial College, London, United Kingdom
12 University of Manchester, Manchester, United Kingdom
43 Unaversity of Arizona, Tucson, Arizona 85721, USA
4 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
4 California State University, Fresno, California 93740, USA
46 University of California, Riverside, California 92521, USA
17 Florida State University, Tallahassee, Florida 82306, USA
48 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
19 University of Illinois at Chicago, Chicago, Illinois 60607, USA
50 Northern Illinois University, DeKalb, Illinois 60115, USA
51 Northwestern University, FEvanston, Illinois 60208, USA
52 Indiana University, Bloomington, Indiana 47405, USA
53 University of Notre Dame, Notre Dame, Indiana 46556, USA
5 Jowa State University, Ames, Towa 50011, USA
55 University of Kansas, Lawrence, Kansas 66045, USA
56 Kansas State University, Manhattan, Kansas 66506, USA
57 Louisiana Tech University, Ruston, Louisiana 71272, USA
58 University of Maryland, College Park, Maryland 20742, USA
59 Boston University, Boston, Massachusetts 02215, USA
0 Northeastern University, Boston, Massachusetts 02115, USA
8 University of Michigan, Ann Arbor, Michigan 48109, USA
52 Michigan State University, East Lansing, Michigan 48824, USA
63 University of Mississippi, University, Mississippi 38677, USA
54 University of Nebraska, Lincoln, Nebraska 68588, USA
55 Princeton University, Princeton, New Jersey 08544, USA
56 Columbia University, New York, New York 10027, USA
57 Undversity of Rochester, Rochester, New York 14627, USA
8 State University of New York, Stony Brook, New York 11794, USA
59 Brookhaven National Laboratory, Upton, New York 11973, USA
™ Langston University, Langston, Oklahoma 73050, USA
™ University of Oklahoma, Norman, Oklahoma 73019, USA
™ Brown University, Providence, Rhode Island 02912, USA
™ University of Tezas, Arlington, Tezas 76019, USA
" Southern Methodist University, Dallas, Texas 75275, USA
™5 Rice University, Houston, Texas 77005, USA
"6 University of Virginia, Charlottesville, Virginia 22901, USA
™ University of Washington, Seattle, Washington 98195, USA

(Dated: November 20, 2018)

We present a search for anomalous production of heavy-flavor quark jets in association with a
W boson at the Fermilab Tevatron pp Collider. This search is conducted through an examination
of the exclusive jet spectrum of Wjets final states in which the heavy-flavor quark content has
been enhanced by requiring at least one tagged jet in an event. Jets are tagged by the combined
use of two algorithms, one based on semileptonic decays of b/c hadrons, and the other on their
lifetimes. We compare data in e + jets (164 pb™") and u 4+ jets (145 pb~') channels, collected with
the D@ detector at /s = 1.96 TeV, to expectations from the standard model, and set upper limits
on anomalous production of such events.

PACS numbers: 13.85.Qk, 13.85.Ni
The heavy-flavor (HF) content of jets produced in as- a non-SM source of physics. The CDF collaboration re-

sociation with a W boson in pp collisions provides a test cently reported just such an excess in the exclusive W+
of the standard model (SM), and an excess would suggest HF-jet spectrum in which one jet was tagged using both



secondary-vertex (SVT) and soft-lepton (SLT) tagging
algorithms [1l]. To check for the presence of this anomaly
in our data, we also select jets tagged with both algo-
rithms. In addition, we use two benchmark SM processes
as models for new physics and derive upper limits on such
processes.

At the Tevatron, the primary SM contributions to a W
boson associated with HF quarks in the final state are ex-
pected to be from tf, Wbb/cé (where the bb or cé pairs
arise from gluon splitting), and We final states, with ad-
ditional contributions arising from single top quark or
W Z (with Z — bb/c¢) production. The production of W
bosons accompanied by light quarks or gluons (referred to
as W+jets in this Letter) contributes to the background
when the light-quark or gluon jets are misidentified as jets
from HF quarks. Since W bosons are identified through
their W — ev and W — pv decays, background can arise
from Zbb, ZZ (with one Z — bb/cc), and Z+jets produc-
tion when one of the leptons from the Z — £T¢~ decay
is not observed in the detector. The main instrumen-
tal background arises from multijet processes in which
a jet is misidentified as a lepton, and an imbalance in
transverse momentum (H7) is generated through a mis-
measurement of the jets or a lepton. To be selected,
these kinds of events must also contain tagged HF jets or
misidentified non-HF jets.

The data were collected with the D@ detector [2] dur-
ing Run IT of the Fermilab Tevatron Collider in pp col-
lisions at /s = 1.96 TeV. The components used in
this analysis include the central tracker, calorimeter,
and muon detectors. The central tracker consists of
a silicon microstrip tracker (SMT) and a central fiber
tracker (CFT), both located within a 2 T supercon-
ducting solenoidal magnet. The uranium/liquid-argon
calorimeter consists of three sections, each housed in a
separate cryostat [3]. The central calorimeter (CC) cov-
ers pseudorapidity |n| < 1.1, while the two end calorime-
ters (EC) extend the coverage to |n| ~ 4.0. The muon
system is located outside the calorimeters, and consists
of a layer of tracking detectors and scintillation trigger
counters inside 1.8 T iron toroids, followed by two more
similar layers outside the toroids.

The W — ev and W — pv decay candidates are
selected initially by triggering on electrons and muons.
The average trigger efficiency for electrons with trans-
verse momentum pr > 20 GeV/c and |n| < 1.1 is
(97.0+0.3)%. The average trigger efficiency for muons
with pp > 20 GeV/c and || < 1.6 is (62.1+3.4)%. The
integrated luminosity is 164 £ 11 pb~! for the electron
sample and 145+ 9 pb~! for the muon sample.

Candidate events for W — ev decays are selected
by requiring exactly one isolated electron with pr >
20 GeV/c and |n| < 1.1, defined relative to the geometri-
cal center of the detector. Lepton isolation requires a sep-
aration in n and azimuth (¢) of R = /(An)2 + (A¢)? >

0.5 from all jets in the event. Electrons are defined us-

ing a cone algorithm, and by the energies deposited in
calorimeter towers within a radius of R = 0.2 of the elec-
tron axis, with at least 90% required to be within the
electromagnetic portion of the calorimeter, and by the
total energy in a cone of R = 0.4 centered on the same
axis, which must not exceed by more than 15% the recon-
structed electron’s energy. In addition, the longitudinal
and transverse shower shape must be compatible with
that expected from an electron.

Candidate events for W — puv decays must contain
exactly one isolated muon with pr > 20 GeV/c and |n| <
1.6, also defined relative to the geometrical center of the
detector. Muons are required to satisfy two additional
isolation criteria: the transverse energy deposited in the
calorimeter in the annular region of 0.1 < R < 0.4 around
the muon’s path must be smaller than 2.5 GeV; and the
vector sum of the py values of all tracks within R = 0.5
of the muon’s trajectory must be less than 2.5 GeV/c
(excluding the track matched to the muon’s trajectory).

Lepton identification is refined by requiring the trajec-
tory of a track reconstructed in the SMT and CFT to
match either the position of the electron energy cluster
in the calorimeter or the position of hits in the muon
detector. To complete the selection, all events are also
required to have Bpr > 20 GeV, and the azimuthal an-
gle between the lepton and the direction of the B must
be greater than 7/8. To eliminate poorly reconstructed
events, the primary vertex (PV) of the event must con-
tain at least three tracks, and its z-position (along the
beam) has to be closer than 60 cm from the center of
the detector. Finally, to reject multijet background, we
require a reconstructed transverse mass consistent with
that of the W boson, 40 < My, < 120 GeV/c?. In cal-
culating My, we assume that the Hp corresponds to
the transverse energy of the neutrino.

Upon selection of W-boson candidates, we evaluate the
HF-quark content of each event. Jets are defined using
an iterative seed-based cone algorithm (including mid-
points), clustering calorimeter energy within R = 0.5.
This is subsequently corrected for jet energy scale, based
on momentum balance in photon+jet events [4]. We con-
sider only jets with Ep > 25 GeV/c and |n| < 2.5. These
jets are then evaluated using two HF-tagging algorithms,
as described below.

The soft-lepton tagging (SLT) algorithm is based on
low-pr muons arising from semileptonic decays of HF
quarks (via virtual W bosons) that are produced near
a jet in (1, @) space. Only muons with pr > 4 GeV/c
and |n| < 2.0 are considered. To reject Z — pu back-
ground, we require pr < 15 GeV/c for the muon. Jets
with a muon within R = 0.5 of the jet axis are deemed
tagged. Typical SLT efficiencies for b-quark jets are ap-
proximately 11%, and 0.4% for light-quark jets. The
additional muon present in SLT events causes an in-
crease in the average single-muon trigger efficiency from
(62.1 + 3.4)% to (68.4 + 3.5)%.



Secondary-vertex tagging (SVT) is used to identify dis-
placed decay vertices of long-lived particles. To form
secondary vertices (SV), charged tracks are selected on
the basis of the significance of their distance-of-closest-
approach (dca) to the PV. Tracks are first grouped in
R = 0.5 cones around a seed track with pr > 1 GeV/c
and dca/ogca > 3.5, where 04c, is the uncertainty on the
track’s dca. Proto-vertices are formed by adding tracks
to the initial grouping, provided their contribution to the
x? of the vertex fit is small. Secondary vertices are se-
lected by requiring the transverse distance from the SV
to the beam direction, L, to be less than 2.6 cm, and

the decay-length significance, ULL” to be greater than 7,
Y

where OL,, 18 the estimated uncertainty on L., calcu-
lated from the error matrices of the tracks in the vertex.
Jets are considered tagged by this algorithm when a SV
lies within R = 0.5 of the original jet axis. This SVT
algorithm exhibits a typical tagging rate for b-quark jets
of ~ 32%, and 0.25% for light-quark jets.

To predict SM rates, Monte Carlo (MC) events are
generated for the processes mentioned above, with the
exception of multijet production, which is estimated from
data as described below. W/Z+jets (both HF and light-
quark jets), tf, and diboson processes are simulated
with ALPGEN ﬂﬂ] Single top quark processes are sim-
ulated using COMPHEP E] All events are generated with
Miop = 175 GeV/c?. Hadronization and showering of
these events is based on PYTHIA [7]. The exceptions are
W/Z + b processes, where Zb is simulated using PYTHIA,
and the contribution from Wb is estimated from the pa-
rameterized MCFM MC ﬂa] and used to calculate a cross
section relative to Wbb production assuming the jet-pr
spectrum from PYTHIA for inclusive W boson produc-
tion. All MC events are generated at /s = 1.96 TeV,
using CTEQSL ﬂﬂ] parton distribution functions and a de-
tailed detector simulation based on GEANT m] To simu-
late the effect of multiple interactions in beam crossings,
a Poisson-distributed minimum-bias event overlay, with
an average of 0.8 events, is included for all events. To
avoid an incorrect combination of cross sections among
simulated W/Z+jets samples, only events with the same
number of reconstructed jets as the number of initial par-
tons are retained. The background from multijet events,
in which a jet is misidentified as a lepton, is evaluated
using the “matrix method” as follows. Two samples of
W +jets event candidates are used: a “tight” sample, for
which the lepton identification criteria are as described
above, and a “loose” sample in which some of these iden-
tification criteria are relaxed. The probabilities for true
leptons to be identified as loose, and jets as tight leptons
(as determined from independent studies of samples of
pure leptons and pure jets) yields the fractions of true
leptons and of misidentified jets in the tight and loose
samples.

After the W-boson and jet selections, we apply the two

HF-tagging algorithms to the jets. The MC samples are
normalized to the appropriate luminosity, and corrected
for differences in HF-tagging and lepton-identification ef-
ficiencies relative to data. Also, discrepancies in trigger
efficiency between MC and data are corrected for each set
of selections. In the following, the e + jets and u + jets
samples are combined. Figures [ and Bl show the exclu-
sive number of jets in events with at least one SLT-tagged
jet and at least one SVT-tagged jet, respectively. The
transverse mass for W-boson candidate events contain-
ing at least one SLT or SVT-tagged jet, shown in Fig. B
agrees well with SM expectation. The distribution for
events with at least one jet tagged with both algorithms
is shown in Fig. A
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FIG. 1: Exclusive jet multiplicity for W-boson candidate

events with at least one SLT-tagged jet. The fourth bin rep-
resents the sum of events containing four or more jets.
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FIG. 2: Exclusive jet multiplicity for W-boson candidate
events with at least one SVT-tagged jet. The fourth bin rep-
resents the sum of events containing four or more jets.

The dominant sources of experimental uncertainty are
common to both the e+ jets and p+ jets selections: (i) a
6.5% uncertainty on the integrated luminosity, (i) a 6%
per jet uncertainty arising from jet-energy-scale correc-
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least one SLT- or SVT-tagged jet.
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FIG. 4: Exclusive jet multiplicity of W-boson candidate
events with at least one jet tagged with both the SVT and
SLT algorithms. The fourth bin represents the sum of events
containing four or more jets.

tions and jet identification, (i77) a 10% per jet uncertainty
arising from the HF-tagging algorithms, and (i) a 10-
18% uncertainty on the predicted MC cross sections (de-
pending on sample). The total systematic uncertainty
on the tt background is 16%, 21% on single top-quark
backgrounds, and 22% on the W/Z+jets backgrounds.

No excess is observed in the “doubly-tagged” jet sam-
ple. We therefore proceed to set a limit on the rate
anomalous HF-quark production in association with a
W boson. Because we do not propose a model for such
production, we do not base this limit on any specific ef-
ficiency or jet spectrum. We quote limits on the number
of events beyond SM expectation per exclusive jet bin.
The 95% confidence level (C.L.) upper limits for addi-
tional event production in each bin are shown in Table[ll
These limits are calculated using a modified Frequentist
(CL,) method [11].

Assuming that anomalous HF production has the same
event topology as certain SM process, the above limits

TABLE I: The numbers of observed and predicted W-boson
events with at least one jet tagged by both the SLT and SVT
algorithms, as a function of exclusive jet multiplicity. Also
shown are the 95% C.L. limits in the form of additional events.

Source 1jet 2jets 3jets >4 jets
Data observation 5 1 1 0
SM prediction 5.04+1.2 2.0+£0.5 1.04+0.2 0.4+0.06
95% C.L. Limit (events) 6.7 3.9 4.1 3.0

can be translated into limits on cross sections. To this
end, we consider two benchmark scenarios:

1. “Wbb-like” production in which two b quarks are
produced in association with a W boson. In this
scenario, additional light quarks or gluons can be
produced, and thereby shift the event topology to
more than two jets. Jets not within the acceptance
of the detector can also cause the event topology to
drop to less than two jets. We model this produc-
tion using efficiencies for SM W/Z + bb production.

2. “Top-like” production in which a heavy particle is
produced and decays to a W boson and a b quark.
An event can contain two such heavy particles (“tt-
like”) or one heavy quark (“single-top-like”), with
additional light or heavy quarks and gluons pos-
sible for both cases. We model this scenario using
the cross-section weighted efficiencies for SM ¢t and
single top-quark production combined.

We calculate a limit on exclusive jet production for
each scenario, but first ignore the probability for re-
constructing the predicted number of jets, providing a
model-independent comparison of processes with specific
jet topologies. The remaining efficiency represents the
effect of W-boson selection and HF tagging, and lim-
its for a specific model can be extracted by multiplying
this value by the efficiency to reconstruct the number of
jets found in each exclusive jet bin. These results are
shown in Table [l To evaluate an upper cross-section
limit on inclusive jet production for each scenario, we
reintroduce the efficiency for reconstructing the predicted
jets. For inclusive Whb-like anomalous production, we
sum the first two W+jets bins, as the contribution from
the remaining bins is negligible. For top-like anomalous
production, we sum all W+jets bins, except the n = 1
bin, where the contribution is again negligible. Table [Tl
shows the 95% C.L. event limits for the combinations
of jet bins for these two hypotheses, and also the corre-
sponding anomalous HF production cross-section limits.
The jet reconstruction efficiency is included in the calcu-
lations, and the limits contain the expected efficiencies
for the specified SM processes.

In summary, we observe no excess beyond the SM pre-
diction for heavy-flavor quark production in association



TABLE II: Cross-section upper limits in pb, based on the hy-
potheses of “Wbb-like” and “top-like” anomalous production
of exclusive number of jets. Each value must still be corrected
for the efficiency of reconstructing the predicted number of
jets.

Model 1 jet 2 jets 3 jets >4 jets
Whb-like 35.0 9.2 6.0 4.5
Top-like 12.6 8.0 11.3 154

TABLE III: 95% C.L. limits for the number of events summed
over the indicated jet bins. Also shown are cross-section limits
based on the hypotheses of “Wbb-like” and “top-like” anoma-
lous production for the selected number of jets.

Source 1,2 jets >2 jets
Data observation 6 2
SM prediction 6.9+1.2 3.3£0.5
95% C.L. Limit (events) 6.6 4.4

Model
W bb-like 26.4 pb -
Top-like - 14.9 pb

with W bosons in 164 pb~! of data in the e + jets chan-
nel and 145 pb~! in the 1+ jets channel. Using a sample
of events containing at least one jet tagged with both
the SLT and SVT algorithms, we derive 95% C.L. lim-
its on anomalous heavy-flavor production (Table[ll). Us-
ing benchmark SM processes, we also derive anomalous
cross-section limits of 26.4 pb in a Whb-like scenario and
14.9 pb in a top-like scenario. For comparison, the D@
collaboration has recently published a similar study in
the form of a search for Wbb production [12]. Based
on the two-jet topology, with both jets HF-tagged, that
study sets a 95% C.L. upper cross-section limit of 6.6 pb
on Wbb production.
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