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R. Beuselinck,42 V. A. Bezzubov,38 P. C. Bhat,47 V. Bhatnagar,27 G. Blazey,49 S. Blessing,46 K. Bloom,63 A. Boehnlein,47

D. Boline,69 T. A. Bolton,56 E. E. Boos,37 G. Borissov,41 T. Bose,58 A. Brandt,75 O. Brandt,23 R. Brock,61 G. Brooijmans,67

A. Bross,47 D. Brown,17 J. Brown,17 X. B. Bu,47 M. Buehler,78 V. Buescher,24 V. Bunichev,37 S. Burdin,41,† T. H. Burnett,79
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T. Kurča,20 V. A. Kuzmin,37 J. Kvita,9 S. Lammers,51 G. Landsberg,74 P. Lebrun,20 H. S. Lee,31 S.W. Lee,54 W.M. Lee,47

J. Lellouch,17 L. Li,45 Q. Z. Li,47 S.M. Lietti,5 J. K. Lim,31 D. Lincoln,47 J. Linnemann,61 V.V. Lipaev,38 R. Lipton,47

Y. Liu,7 Z. Liu,6 A. Lobodenko,39 M. Lokajicek,11 P. Love,41 H. J. Lubatti,79 R. Luna-Garcia,32,k A. L. Lyon,47

A.K.A. Maciel,2 D. Mackin,77 R. Madar,18 R. Magaña-Villalba,32 S. Malik,63 V. L. Malyshev,35 Y. Maravin,56

J. Martı́nez-Ortega,32 R. McCarthy,69 C. L. McGivern,55 M.M. Meijer,34 A. Melnitchouk,62 D. Menezes,49

P. G. Mercadante,4 M. Merkin,37 A. Meyer,21 J. Meyer,23 N. K. Mondal,29 G. S. Muanza,15 M. Mulhearn,78 E. Nagy,15

M. Naimuddin,28 M. Narain,74 R. Nayyar,28 H.A. Neal,60 J. P. Negret,8 P. Neustroev,39 S. F. Novaes,5 T. Nunnemann,25

G. Obrant,39 J. Orduna,32 N. Osman,42 J. Osta,53 G. J. Otero y Garzón,1 M. Owen,43 M. Padilla,45 M. Pangilinan,74

N. Parashar,52 V. Parihar,74 S. K. Park,31 J. Parsons,67 R. Partridge,74,‡ N. Parua,51 A. Patwa,70 B. Penning,47 M. Perfilov,37

K. Peters,43 Y. Peters,43 G. Petrillo,68 P. Pétroff,16 R. Piegaia,1 J. Piper,61 M.-A. Pleier,70 P. L.M. Podesta-Lerma,32,{

V.M. Podstavkov,47 M.-E. Pol,2 P. Polozov,36 A. V. Popov,38 M. Prewitt,77 D. Price,51 S. Protopopescu,70 J. Qian,60

A. Quadt,23 B. Quinn,62 M. S. Rangel,2 K. Ranjan,28 P. N. Ratoff,41 I. Razumov,38 P. Renkel,76 P. Rich,43 M. Rijssenbeek,69

I. Ripp-Baudot,19 F. Rizatdinova,73 M. Rominsky,47 C. Royon,18 P. Rubinov,47 R. Ruchti,53 G. Safronov,36 G. Sajot,14

A. Sánchez-Hernández,32 M. P. Sanders,25 B. Sanghi,47 A. S. Santos,5 G. Savage,47 L. Sawyer,57 T. Scanlon,42

R. D. Schamberger,69 Y. Scheglov,39 H. Schellman,50 T. Schliephake,26 S. Schlobohm,79 C. Schwanenberger,43

R. Schwienhorst,61 J. Sekaric,55 H. Severini,72 E. Shabalina,23 V. Shary,18 A.A. Shchukin,38 R.K. Shivpuri,28 V. Simak,10

V. Sirotenko,47 P. Skubic,72 P. Slattery,68 D. Smirnov,53 K. J. Smith,66 G. R. Snow,63 J. Snow,71 S. Snyder,70
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We present a search for hypothetical vectorlike quarks in p �p collisions at
ffiffiffi
s

p ¼ 1:96 TeV. The data

were collected by the D0 detector at the Fermilab Tevatron Collider and correspond to an integrated

luminosity of 5:4 fb�1. We select events with a final state composed of aW or Z boson and a jet consistent

with a heavy object decay. We observe no significant excess in comparison to the background prediction

and set limits on production cross sections for vectorlike quarks decaying to W þ jet and Zþ jet. These

are the most stringent limits to date for electroweak single vectorlike quark production at hadron colliders.

DOI: 10.1103/PhysRevLett.106.081801 PACS numbers: 14.65.Jk, 12.60.�i, 13.85.Rm

The standard model (SM) of particle physics, despite its
many successes in accurately describing interactions below
the TeV scale, is known to suffer shortcomings at higher
energy scales. Awide range of theories have therefore been
proposed to describe phenomena at the TeV scale and
beyond, among them warped extra dimensions [1], univer-
sal extra dimensions [2], and little Higgs [3] models. There
exist particular realizations of each of these theories that
predict the existence of vectorlike quarks [4–6], massive
particles which share many characteristics with SM quarks.
The notable exception is that the right-handed and left-
handed components of vectorlike quarks transform in the
same way under SUð3Þ � SUð2Þ �Uð1Þ, hence their
name.

Previous searches for strong pair production of vector-
like quarks at the Fermilab Tevatron Collider have ex-
cluded masses of up to 338 GeV at the 95% C.L. [7].
However, recent years have seen the development of theo-

retical scenarios in which corrections to SM quark cou-
plings arising from their mixing with vectorlike quarks
cancel out, permitting the two types of quarks to mix to a
degree unconstrained by precision electroweak measure-
ments and b-factory results. Such large mixing with no
introduction of anomalous couplings allows for single
production of vectorlike quarks at hadron colliders via
the weak interaction [4]. Diagrams for single electroweak
vectorlike quark production are shown in Fig. 1.
Generally, electroweak couplings to SM quarks are set

by the parameter �qQ:

�qQ ¼ v

mQ

~�qQ; (1)

where v is the vacuum expectation value of the SM Higgs
field,mQ is the mass of the vectorlike quark, and ~�qQ is the

coupling strength. Provided this coupling is not too small, a
search for singly produced vectorlike quarks can benefit
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from the lower kinematic threshold compared to pair pro-
duction and stands to improve the mass limit considerably.

In this Letter, we present a search for singly produced
vectorlike quarks using data corresponding to an integrated
luminosity of 5:4 fb�1 collected by the D0 detector [8] at
the Fermilab Tevatron Collider. We consider a model [4] in
which there are two doublets of vectorlike quarks that
couple to the first generation of SM quarks. Vectorlike
quark final states are characterized by either a W or Z
boson and at least two jets, one of which results from the
decay of the vectorlike quark, while another is produced in
association with the vectorlike quark at the primary vertex.
We select events in which the vector boson decays to either
electron(s) or muon(s).

The D0 detector is described in detail in [8]. The region
of the D0 detector closest to the interaction point contains a
central-tracking system consisting of a silicon microstrip
tracker (SMT) and a central fiber tracker (CFT), both of
which are located within a 2 T superconducting solenoidal
magnet. Hits in these two detectors are used to reconstruct
tracks from charged particles. Surrounding the two track-
ing subdetectors are liquid-argon and uranium calorime-
ters, both electromagnetic and hadronic, which have a
central section (CC) covering pseudorapidities [9] j�j &
1:1, and two end calorimeters (ECs) that extend coverage
to j�j � 4:2, with all three housed in separate cryostats.
Electrons are identified as isolated energy clusters in the
electromagnetic calorimeter, with a shape consistent with
that of an electron, matched to a track in the inner detector.
Jets are reconstructed in the calorimeters using the iterative
midpoint cone algorithm [10] with a cone of radius
R ¼ 0:5 in ��� space. An outer muon system, provid-
ing coverage for j�j< 2, consists of a layer of tracking
detectors and scintillation trigger counters in front of 1.8 T
toroids, followed by two similar layers after the toroids.
Muons are identified via a combination of reconstructed
tracks in both the outer muon system and the central-
tracking system, and are required to be isolated from
both tracker and calorimeter activity.

Vectorlike quark signals and background processes
which include electrons or muons from W or Z boson
decays are modeled using Monte Carlo (MC) simulation.

Signal samples are generated using MADGRAPH [11], with
CTEQ6L1 [12] parton distribution functions, LO cross
sections from [4] and vectorlike quark resonance widths
calculated with BRIDGE [13]. Subsequent parton shower
evolution is generated with PYTHIA [14]. We generate up-
and down-type vectorlike quark signals with masses
between 280 GeV and 700 GeV. Backgrounds from t�t,
W ! ‘�þ jets, and Z ! ‘‘þ jets production are mod-
eled using ALPGEN [15], also interfaced to PYTHIA. For
these events, we use a matching procedure to avoid double
counting partons produced by ALPGEN and those added by
the showering in PYTHIA [16]. Diboson samples are gen-
erated with PYTHIA, and single top quark production is
modeled using the COMPHEP [17] generator. All MC
samples are passed through a GEANT [18] simulation of
the D0 detector and are overlaid with data events from
randomly chosen beam crossings to simulate the effect of
multiple p �p interactions and detector noise. MC events are
then reconstructed using the same software that is used for
data reconstruction. TheW þ jets and Zþ jets samples are
normalized to the leading-log cross section reported by
ALPGEN times a k factor calculated by MCFM [19]. The t�t
samples are normalized to a next-to-next-to-leading order
(NNLO) cross section for mt ¼ 172:5 GeV [20], and the
diboson samples (WW, WZ and ZZ) to the NLO cross
section predicted by MCFM [21]. All simulated events are
corrected for differences in trigger and reconstruction effi-
ciencies between data and simulation.
We conduct the search in two channels, corresponding

to vectorlike quark decays to ðW ! ‘�Þ þ jet and to
ðZ ! ‘‘Þ þ jet. In theW þ jets channel, we initially select
events which have passed a single lepton trigger and con-
tain exactly one electron (j�j< 1:1) or muon (j�j< 2:0)
with transverse momentum pT > 20 GeV, at least two jets
with pT > 20 GeV and j�j< 2:5, and missing transverse
energy ET , corrected for the momentum of any muons
in the event, greater than 15 GeV. We also require
2MW

T þ ET > 80 GeV, where MW
T is the transverse mass

of the lepton-ET system, in order to suppress the multijet
background. In the Zþ jets channel, we initially select
events with exactly two electrons or muons in addition to
at least two jets, all with same pT thresholds as used in the
W þ jets channel. Events are selected by a mixture of
single lepton, dilepton, and lepton plus jets triggers.
Because of the low rate of background without real Z
bosons, electrons are also accepted in the end cap electro-
magnetic calorimeters (1:5< j�j< 2:5). The two leptons
are required to have an invariant mass between 70 and
110 GeV, i.e., consistent with that of a Z boson. Addi-
tionally, we require ET < 50 GeV, as this channel contains
only instrumental sources of missing transverse energy.
The largest physics background to the single lepton

channel is Wð! ‘�Þ þ jets production, with smaller con-
tributions from Zþ jets, t�t, diboson, and single top quark
processes. The main instrumental background arises from

FIG. 1. s-channel (a) and t-channel (b) electroweak production
of a vectorlike quark Q at the Tevatron.
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multijet events in which one of the jets is misidentified as a
high-pT isolated lepton in the detector. We model this
background using data events which fail the calorimeter
shower shape requirements for the electron or the isolation
requirements for the muon, but pass all other selection
criteria. In the single electron channel, we estimate the
relative fraction of real electrons fromW boson decays and
misidentified electrons from jets by determining the effi-
ciencies for each type of event to pass a tighter selection.
These efficiencies are calculated in Z ! ee data for real
electrons and in a ET < 20 GeV sample for misidentified
electrons. In the single muon channel, we scale the events
failing the muon isolation requirement to match the num-
ber of events obtained after subtracting the expected num-
ber of realW bosons satisfying the event selection from the
number of events observed in the data.

In the dilepton channel, ðZ ! ‘‘Þ þ jets events domi-
nate the SM background. In order to correct the
Monte Carlo calculations for the small trigger inefficiency
in the data, we apply a global normalization determined
using a pure Z ! ‘‘ sample. The ratio between the data
yield in this sample and the predicted yield from the
inclusive Z boson cross section multiplied by the branching
ratio is associated with the overall trigger efficiency, and
the Monte Carlo distributions are scaled by this ratio. The
multijet background is modeled using data events in which
both leptons fail quality criteria (for electrons) or isolation
criteria (for muons), and is normalized to the difference
between data and MC calculations in the dilepton mass
window between 40 and 70 GeV.

The signal contains events with aW or Z boson and jets,
all with high transverse momentum, as the decay products
of a high mass resonance. We apply several kinematic
selection criteria to select events of this type and to mini-
mize the contributions from SM background processes. In
the single lepton channel, we require lepton pT > 50 GeV,
highest jet pT > 100 GeV,ET > 40ð50Þ GeV for the muon
(electron) channel, and that the separation in azimuthal
angle � between the lepton and the ET be less than 2. As
the signal contains real W bosons, we additionally require
MW

T < 150 GeV. Finally, we exploit the relationship be-

tween the lepton charge and the � of the jet with the
second-highest pT in the signal topology. This jet, which
we assign to the SM quark produced in association with the
vectorlike quark, is emitted, in general, into one of the
forward regions of the detector, and its direction is strongly
correlated with the charge of the produced vectorlike
quark, and thus also with the charge of the lepton from
its decay. We therefore require Q‘ � �j2 > 0, where Q‘ is

the lepton charge and �j2 is the � of the jet with the

second-highest pT in the event. This selection is efficient
for the signal ( � 85%), while reducing the SM back-
ground by roughly a factor of 2.

In the dilepton channel, we similarly select events with
properties characteristic of a heavy resonance decay to a Z

boson and a jet. We require the pT of the dilepton system to
be greater than 100 GeV, the spatial separation of the two
leptons in ��� space (�R) to be less than 2.0, and the
leading jet pT to be greater than 100 GeV.
Table I displays the observed number of data events,

along with estimated background yields, after the final
event selection in the single lepton and dilepton channels.
Figure 2 shows the reconstructed vectorlike quark
transverse mass, defined as

TABLE I. Predicted number of background events including
total uncertainties and observed number of data events after final
selection.

Process Single lepton sample Dilepton sample

Multijet 47:7� 4:7 <0:1
Zþ jets 39:9� 7:4 262� 45
W þ jets 901� 159 0:3� 0:2
Top 193� 24 0:57� 0:06
Diboson 38:6� 3:8 8:3� 0:7
Background sum 1220� 161 271� 45
Data 1175 285
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(b) vectorlike quark mass for the single lepton and dilepton
channels, respectively. Distributions for signal processes QD !
Wq andQU ! Zq are normalized to the integrated luminosity of
the data and include detector acceptance and reconstruction
efficiencies. These assume ~�uD ¼ 1 and ~�uU ¼ ffiffiffi
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ðMQ
T Þ2 ¼ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
TW

þM2
W

q
þ pTj1

Þ2 � ð ~pTW
þ ~pTj1

Þ2; (2)

for the single lepton channel, where MW ¼ 80:3 GeV is
the mass of the W boson and ~pTj1

refers to the transverse

momentum of the leading jet in the event. Also shown in
Fig. 2 is the vectorlike quark mass in the dilepton channel,
reconstructed as the invariant mass of the dilepton þ
leading jet system.

Major sources of systematic uncertainty common to
both analyses include modeling of W=Zþ jets back-
grounds (15%), cross sections for t�t (10%), diboson
(6%), and W=Zþ jets (6%) production, and jet energy
scale and resolution (1%–5%). Major systematic uncer-
tainties unique to the single lepton analysis include inte-
grated luminosity (6.1%) [22], lepton identification
efficiencies (3%), high-pT muon modeling, and trigger
modeling (1%). A systematic uncertainty of 5% is assigned
to the global background normalization applied to the
dilepton MC samples. Systematic uncertainties on multijet
normalization are 6.5%–100%, depending on the channel.
These do not have a large effect on the overall background
prediction, as the estimated multijet background is small
after the final selection.

We observe a slight, but not statistically significant,
excess for mQ ’ 500 GeV, and set mass-dependent limits

on vectorlike quark production cross sections. We employ
a modified frequentist approach using the D0 likelihood
fitter [23] that incorporates a log-likelihood ratio (LLR)
test statistic [24]. We derive p values for both the signal
plus background (HSþB) and background-only (HB) hy-
potheses by integrating their LLR distributions above the
observed data (D). The LLR distributions are populated
assuming Poisson statistics and systematic uncertainties
are included via Gaussian priors on event rate predictions.
The obtained p values are denoted PðHSþBjDÞ and
PðHBjDÞ respectively, and the 95% C.L. limit is defined

as the signal cross section that satisfies the condition
PðHSþBjDÞ=PðHBjDÞ ¼ 0:05.
Using as discriminant variables the vectorlike quark

transverse mass for decays to Wq and the vectorlike quark
mass for decays to Zq, we obtain 95% C.L. limits on
vectorlike quark production cross sections. These are
shown in Figs. 3 and 4, along with leading order theoretical
predictions for two different scenarios. For the case of

~�uD ¼ 1 and ~�uU ¼ ffiffiffi
2

p
with no coupling to the down

quark, we exclude masses below 693 GeV for a vectorlike
quark decaying exclusively to Wq and masses below
551 GeV for a vectorlike quark decaying exclusively to
Zq at the 95% C.L. For an alternate scenario defined by

~�dU ¼ 1 and ~�dD ¼ ffiffiffi
2

p
with no coupling to the up quark,

the corresponding mass limits are 403 GeV and 430 GeV,
respectively. The theoretical curves of the two alternative
models, representing charged-current and neutral-current
decays of isolated up- and down-type vectorlike quarks,
can be used to construct any combination of couplings by
adding the cross sections with appropriate weights.
In summary, we have presented a search for

single vectorlike quark production at the Tevatron in the
W þ jets and Zþ jets final states. The observed data are
consistent with the background expectation and limits on
vectorlike quark cross sections are derived. We exclude
vectorlike quark masses below 693 GeV for decays to Wq
and masses below 551 GeV for decays to Zq at 95% C.L.
assuming vectorlike quark – SM quark mixing parameters

~�uD ¼ 1 and ~�uU ¼ ffiffiffi
2

p
along with 100% branching ratios

to the respective final states.
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