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A search is presented for heavy-quark pair production (Q �Q) under the decay hypothesis Q �Q !
WþqW� �q with q ¼ d, s, b for up-type Q or q ¼ u, c for down-type Q. The search is performed with

1:04 fb�1 of integrated luminosity from pp collisions at
ffiffiffi
s

p ¼ 7 TeV collected by the ATLAS

detector at the CERN LHC. Dilepton final states are selected, requiring large missing transverse

momentum and at least two jets. Mass reconstruction of heavy-quark candidates is performed by

assuming that the W boson decay products are nearly collinear. The data are in agreement with

standard model expectations; a heavy quark with mass less than 350 GeV is excluded at 95% con-

fidence level.
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The addition of one or more heavy quarks is a natural
extension to the standard model, capable of providing an
additional source of CP violation in Bs decays and accom-
modating a heavy Higgs boson [1,2]. Searches for heavy
quarks with the Collider Detector at Fermilab (CDF) con-
strain the mass of heavy quarks (Q) that decay asQ ! Wq,
where q ¼ d, s, b for up-typeQ or q ¼ u, c for down-type
Q, to be mQ > 340 GeV [3]. More specific searches have

also constrained the mass of up-type heavy quarks (t0) that
decay as t0 ! Wb to bemt0 > 358 GeV [3] and the mass of
down-type heavy quarks (b0) decaying via b0 ! Wt to
be mb0 > 372 GeV [4]. The D0 experiment at Fermilab
has set a mass limit ofmQ > 285 GeV [5] on heavy quarks

that decay as Q ! Wq. All previous searches used the
‘‘leptonþ jets’’ channel, where only one of the produced
W bosons decays hadronically.

In this article, a search is presented for pair production of
a heavy quark (Q �Q) in data corresponding to an integrated
luminosity of 1:04 fb�1 from proton-proton collisions
at

ffiffiffi
s

p ¼ 7 TeV collected by the ATLAS experiment.
The heavy quark is assumed to decay via Q ! Wq where
q ¼ d, s, b for up-type Q or q ¼ u, c for down-type Q.
This search does not include states with q ¼ t, i.e.
d0 ! Wt decays are assumed not to happen. The search
is performed in the dilepton channel, where bothW bosons
decay leptonically. Fourth-generation up-type quarks (t0)
decaying through weak charged currents (t0 ! Wb, t0 !
Ws, and t0 ! Wd) are used as a benchmark.

Three complementary searches for fourth-generation
quarks were performed with the ATLAS detector using
1:04 fb�1 of 2011 data. These searches all implement

b-quark identification algorithms and are thus targeted
towards more specific heavy-quark decay modes. The
channels considered are t0 �t0 ! WþW�b �b in the lepton
plus jets channel (setting a limit mt0 > 404 GeV [6]),
b0 �b0 ! WþW�t�t ! WþW�WþW�b �b in the lepton plus
jets channel (mb0 > 480 GeV [7]), and b0 �b0 !WþW�t�t!
WþW�WþW�b �b with two same sign leptons in the final
state (mb0 > 450 GeV [8]).
The dileptonic final state arises in a way similar to that

of pair-produced top quarks: Q �Q ! ‘þ�q‘� �� �q , where
‘ is either e or �. Leptonically decaying intermediary �
leptons are able to contribute to this final state if addi-
tional neutrinos are considered. The signature is at least
two jets, two oppositely charged leptons, and missing
transverse momentum (Emiss

T ) from undetected neutrinos.
Top quark pair production is the dominant source of
background. To distinguish a potential heavy-quark sig-
nal, heavy-quark mass reconstruction is performed
by taking advantage of the larger boost each W boson
receives from the decay of a heavy quark compared to
the decay of a top quark. This large boost makes each
undetected neutrino approximately collinear with an ob-
served charged lepton.
The following sections contain descriptions of the

ATLAS detector (Sec. I), simulated samples (Sec. II), ob-
ject reconstruction (Sec. III), baseline event selection
(Sec. IV), data-driven background estimates (Sec. V),
mass reconstruction strategy (Sec. VI), validation of
background modeling (Sec. VII), final event selection
(Sec. VIII), binned maximum-likelihood ratio fit using
the reconstructed mass (Sec. IX and X), and final results
(Sec. XI).

I. THE ATLAS DETECTOR

The ATLAS detector [9] is a multipurpose particle de-
tector with precision trackers, calorimeters, and muon
spectrometers. The momenta of charged particles with
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pseudorapidity j�j< 2:51 are measured by the inner de-
tector (ID), which is a combination of silicon pixels, silicon
microstrips, and a straw-tube tracker. The ID operates in a
uniform 2 T axial magnetic field produced by a super-
conducting solenoid. The pixel detector measurements
enable precise determination of production vertices.

Electromagnetic (EM) calorimetry for electron and pho-
ton reconstruction is provided by a high-granularity, three
layer liquid argon (LAr) sampling calorimeter with lead
absorbers in the region j�j< 3:2. A presampler is used to
correct for energy lost by electrons and photons in material
in front of the calorimeter for j�j< 1:8. Hadronic calo-
rimetry for j�j< 1:7 is provided by a scintillating tile
sampling calorimeter with steel absorbers, and for 1:5<
j�j< 3:2 it is provided by a LAr sampling calorimeter
with copper-plate absorbers.

Muons are detected with a multisystem muon spec-
trometer (MS). Precision measurements in the � coordi-
nate are provided by monitored drift tubes for j�j< 2:7.
These are supplemented by cathode-strip chambers mea-
suring both the � and azimuth (�) coordinates for
2:0< j�j< 2:7. Fast measurements required for initiating
trigger logic are provided by resistive-plate chambers for
j�j< 1:05 and then by thin-gap chambers for 1:05<
j�j< 2:4. The muon detectors operate in a nonuniform
toroidal magnetic field generated by a superconducting air-
core magnet system.

The ATLAS detector uses a three-level trigger system to
select events for offline analysis. For this search, events are
required to have at least one lepton satisfying trigger
requirements. Electron trigger candidates must have trans-
verse energy ET > 20 GeV, must satisfy shower-shape
requirements [10], and must have an ID track matched to
the EM shower. Muon trigger candidates must have trans-
verse momentum pT > 18 GeV and matching tracks in the
ID and MS.

II. SIMULATED SIGNAL AND
BACKGROUND SAMPLES

Simulated samples are used to evaluate the contributions
from the Q �Q signal (assuming an up-type heavy quark) and
most background processes. Unless otherwise noted, all
events are showered and hadronized with HERWIG v6.5
[11,12], using JIMMY [13] for the underlying event model.
After event generation, all samples are processed with the
GEANT4-based [14] simulation of the ATLAS detector [15]

and subject to the same reconstruction algorithms as the data.

The CERN LHC instantaneous luminosity varied
during data-taking from about 2� 1032 cm�2 s�1 to
1� 1033 cm�2 s�1 [16,17]. At maximum luminosity nu-
merous proton-proton (pp) interactionswere superimposed
in each bunch crossing. This pileup background produces
additional activity in the detector, affecting variables such
as jet reconstruction and isolation energies. Monte Carlo
(MC) events simulate the pileup background by adding
minimum bias events on top of the hard scatter. The MC
events are later reweighted such that the simulated instan-
taneous luminosity distribution matches that in data.

A. Heavy-quark pair production

Production and decay of heavy-quark pairs (Q �Q) is
modeled with the leading-order (LO) generator PYTHIA

6.421 [18] using MRST 2007 LO� [19] parton distribution
functions (PDFs). The production cross section is calcu-
lated using HATHOR [20] with approximate next-to-next-to-
leading-order (NNLO) QCD calculations with CTEQ6.6
PDFs [21] for several heavy-quark masses (mQ). In addi-

tion, scale uncertainties are evaluated in the rangemQ=2 to
2�mQ and PDF uncertainties are calculated from the

CTEQ6.6 error eigenvectors. The cross sections and un-
certainties for each heavy-quark mass considered in this
analysis are shown in Table I. Samples are generated with
either t0 ! Wb, t0 ! Ws, or t0 ! Wd final states; final
results are verified with all three decay modes.

B. Top quark pair production

The background due to t�t production is modeled using
the next-to-leading-order (NLO) generator MC@NLO v3.41
[22] with an assumed top quark mass of 172.5 GeVand the
NLO PDF set CTEQ6.6. The cross section for t�t production
is normalized to the value obtained from an approximate
NNLO calculation [20].

C. Z boson, diboson, and single-top quark production

The background from Z=�� boson production in asso-
ciation with jets is modeled with the LO generator ALPGEN

TABLE I. NNLO cross-sections, scale uncertainties, and PDF
uncertainties calculated using HATHOR for Q �Q production inffiffiffi
s

p ¼ 7 TeV pp collisions with CTEQ6.6 PDFs for different
heavy-quark mass assumptions. Other uncertainties related to the
cross sections are neglected. The 1� uncertainties are each
represented by �.

mQ (GeV) �Q �Q (pb) Scale � (pb) PDF � (pb)

300 8.0 þ0:2
�0:5

þ1:0
�0:8

350 3.2 þ0:1
�0:2

þ0:4
�0:4

400 1.4 þ0:1
�0:1

þ0:2
�0:2

450 0.68 þ0:02
�0:04

þ0:11
�0:09

500 0.34 þ0:01
�0:02

þ0:06
�0:04

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the Large Hadron Collider (LHC) ring and the y
axis points upward. Cylindrical coordinates ðr;�Þ are used in the
transverse plane, � being the azimuthal angle around the beam
pipe. The pseudorapidity is defined in terms of the polar angle �
as � ¼ � ln tanð�=2Þ.
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v2.13 [23]. The LO PDF set CTEQ6.1 [21] is used to
generate Z=�� þ jets events with dilepton invariant mass
m‘‘ > 10 GeV. For WW, WZ, and ZZ production, events
are generated with the LO generator HERWIG v6.5 and the
LO PDF set CTEQ6.1. For the small background from
single-top production, MC@NLO is used with the NLO
PDF set CTEQ6.6, invoking the diagram removal scheme
[24,25] to remove overlaps between the single-top and t�t
final states. The cross sections for Z=�� þ jets samples are
determined using NNLO inclusive calculations from FEWZ

[26,27] and from a data-driven technique where possible,
while the cross sections for diboson samples are deter-
mined using NLO calculations with MC@NLO. The cross
sections for single-top samples are normalized to an ap-
proximate NNLO prediction [28,29].

III. OBJECT SELECTION

Electrons are found by a calorimeter-seeded reconstruc-
tion algorithm and must have a track that matches an
energy deposit in the calorimeter. They are required to
satisfy Ecluster= coshð�trackÞ> 25 GeV, where Ecluster is
the energy deposited in the calorimeter cluster and �track

is the pseudorapidity of the matching track. Electrons are
required to be in a pseudorapidity range j�clusterj< 2:47,
excluding the transition region 1:37< j�clusterj< 1:52 be-
tween the EM calorimeter barrel and endcap. They must
also satisfy a calorimeter isolation Ical < 3:5 GeV re-

quirement in �R< 0:2, where �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
.

Calorimeter isolation is defined as the energy reconstructed
within a cone of a certain radius around the lepton that is
not associated with that lepton, and it is represented by Ical.
The calorimeter shower shape is required to closely re-
semble what is expected for electrons [10].

Jets are reconstructed from topological clusters of en-
ergy deposits in the calorimeter [30] using the anti-kt
algorithm with distance parameter R ¼ 0:4 [31,32].
These jets are calibrated to the hadronic energy scale using
a correction factor obtained from simulation that depends
on pT and � [33]. They are required to satisfy pT >
25 GeV and j�j< 2:5. Jets that fall within �R< 0:2 of
accepted electrons are rejected.

Muons are found by requiring that a track reconstructed
in the MS has a matching track in the ID. A loose cosmic
ray rejection is applied by removing all muon pairs that are
back-to-back azimuthally (��ð�;�0Þ> 3:1) and whose
transverse impact parameter with respect to the beam
line is greater than 0.5 mm. Muon candidates must satisfy
pT > 20 GeV and j�j< 2:5. The muon must be isolated,
satisfying calorimeter isolation Ical < 4 GeV in �R< 0:3
and tracking isolation Itrk < 4 GeV in �R< 0:3. Tracking
isolation is defined as the sum of track momenta within a
cone of a certain radius around the lepton vertex, and it is
represented by Itrk. The muon must also not fall within
�R< 0:4 of any jet with pT > 20 GeV.

The Emiss
T is constructed from the vector sum of calo-

rimeter topological cluster energies projected onto the
transverse plane [34]. Calorimeter deposits not associated
with a jet are calibrated at the EM energy scale. Deposits
associated with selected jets contribute at the corrected
hadronic energy scale. Muon transverse momenta are in-
cluded after correcting for muon energy losses in the
calorimeters.

IV. BASELINE EVENT SELECTION

The Q �Q pair decay yields two charged leptons, two jets,
and Emiss

T from the undetected neutrinos. An initial dilepton
selection is applied to validate the modeling of the Z=��
boson production background as well as the identification
of leptons, reconstruction of jets, and measurement
of Emiss

T .
The initial dilepton selection [35,36] first requires that

an event contains a high-quality reconstructed primary
vertex. The event must also have exactly two leptons
(e or �) with opposite charges, at least one of which
must be associated with the object that triggered the
event. The two leptons must not share a track in the ID.
At this stage, the data sample is dominated by Z=�� ! ‘‘
decays (the Drell-Yan process), although the contribution
from t�t production is evident at large jet multiplicity,
as can be seen in Figs. 1 and 2. These figures show
good agreement between the data and background
expectation.
To reduce the background from Z=�� ! ‘‘ decays, the

baseline selection requires:
(i) all events must have at least two jets, each with

pT > 25 GeV and j�j< 2:5;
(ii) same-flavor events (ee and ��) must satisfy

a missing transverse momentum requirement,
Emiss
T > 60 GeV;

(iii) the dilepton invariant mass of same-flavor events
(ee and��) must be greater than 15 GeVand must
fall outside a window around the Z boson mass,
defined as 81 GeV<m‘‘ < 101 GeV;

(iv) in different-flavor events (e�), HT, defined as the
scalar sum of ET from every lepton and jet passing
the object selection criteria, must exceed 130 GeV.
The HT requirement reduces the Z=�� ! �� back-
ground, where an Emiss

T requirement is insufficient
due to the presence of neutrinos.

V. DATA-DRIVEN ESTIMATES

A. Drell-Yan events

The total number of Drell-Yan ee and �� events re-
maining after the baseline selection has been applied is
estimated with a data-driven technique that extrapolates
from a control region (CR) [37]. Events in the CR have
dilepton invariant mass in the range 81–101 GeV with at
least two jets and Emiss

T > 30 GeV. The number of data
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events in the control region, data (CR), and MC Z=�� þ
jets events in the control region, MCDY (CR), are used to
scale the prediction of Z=�� þ jets events in the signal
region, MCDY. Non-Z=�

� background processes in the
control region, MCother (CR), are subtracted from the
data using MC predictions. The estimated number of

Z=�� þ jets events in the signal region, NDY, in the ee
and �� channels is calculated with Eq. (1):

NDY ¼ ðDataðCRÞ �MCotherðCRÞÞ
MCDYðCRÞ MCDY: (1)
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FIG. 1 (color online). Jet multiplicity after initial dilepton
selection in (a) ee, (b) ��, and (c) e� channels. The shaded
region indicates the magnitude of cross section and luminosity
uncertainties. Samples are stacked in the same order as they are
presented in the legend, from left to right; the first entry in
the legend is at the bottom of the stack. The data-driven
Drell-Yan estimate defined in Sec. VA has not been applied
here.
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FIG. 2 (color online). Dilepton mass after initial dilepton
selection in (a) ee, (b) ��, and (c) e� channels. The shaded
region indicates the magnitude of cross-section and luminosity
uncertainties. The last bin contains overflow events, and the first
bin contains underflow events. Samples are stacked in the same
order as they are presented in the legend, from left to right; the
first entry in the legend is at the bottom of the stack. The data-
driven Drell-Yan estimate defined in Sec. VA has not been
applied here.
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B. Fake lepton events

A small fraction of the background consists of events in
which a jet or a nonprompt lepton is misidentified as a
prompt lepton from W boson decay. Prompt leptons and
misidentified nonprompt leptons are referred to as real and
fake leptons, respectively. Fake muons are predominantly
produced from semileptonic b or c quark decays in which
the muon passes the isolation requirements despite being
produced in association with a jet. There are three principal
mechanisms for producing fake electrons: heavy-flavor
decay, light flavor jets with a leading 	0 overlapping
with a reconstructed track from a charged particle, and
asymmetric conversion of photons into eþe�. The largest
source of events with fake leptons is W boson production
with associated jets, including lepton plus jets decays of
top quark pairs.

A matrix method [36] is used to estimate the fraction of
the sample that comes from fake lepton events. A looser
lepton selection is defined, and the number of observed
dilepton events with two tight leptons (NTT), one loose and
one tight lepton (NTL, NLT), or two loose leptons (NLL) is
counted. The leptons are ordered by pT such that the
leading lepton in NTL is tight and the leading lepton in
NLT is loose. Tight leptons pass the selection criteria
defined in Sec. III. Loose electrons need to pass the same
selections as the electrons defined in Sec. III except for
looser shower-shape and calorimeter isolation require-
ments [10]. Loose muons only need to satisfy pT >
20 GeV, j�j< 2:5 and the muon-jet overlap requirements
defined in Sec. III.

The probabilities for real and fake leptons that pass the
loose identification criteria to also pass the tight criteria are
defined as r‘ and f‘, respectively. These two probabilities
are measured separately for ‘ ¼ e and ‘ ¼ �. Using r‘
and f‘, linear expressions are obtained for the observed
yields as a function of the number of events with zero, one,
and two real leptons together with two, one, and zero fake
leptons (NFF, NRF and NFR, NRR; in NRF the real lepton has
greater pT than the fake lepton, and vice versa for NFR):

NTT

NTL

NLT

NLL

2
666664

3
777775

¼ M

NRR

NRF

NFR

NFF

2
666664

3
777775
; (2)

whereM is a 4� 4matrix containing terms proportional to
r‘ and f‘. The matrix is inverted in order to extract the real
and fake content of the observed dilepton event sample.
The method explicitly accounts for the presence of events
with two fake leptons.

The probability (r‘) for a real loose lepton to pass the
tight criteria is measured in Z ! ‘‘ events in data with a
tag-and-probe method. The probability for a fake loose
electron to satisfy the tight requirements (fe) is measured
by requiring exactly one loose electron in an event with

Emiss
T < 10 GeV. The probability for a fake loose muon to

satisfy the tight requirements (f�) is measured in a control

region obtained by requiring exactly one loose muon with
j��ð�;Emiss

T Þj< 0:5. The baseline selection requirements
from Sec. IV are not applied when checking these control
regions.

VI. MASS RECONSTRUCTION

After the baseline selection has been applied, mass
reconstruction of heavy-quark candidates is performed in
order to discriminate the heavy-quark decays from the
dominant t�t background. Direct reconstruction is not pos-
sible, as two neutrinos escape the detector. However, a
unique feature of the heavy quark is the large momentum
of the daughter W boson, which makes its decay products
approximately collinear in the detector as seen in Fig. 3.
Both neutrino momentum vectors are reconstructed by

assuming that the neutrinos are the sole contributors to
Emiss
T and that they are approximately collinear with the

leptons. The optimal values of each j��ð�; ‘Þj and each
j��ð�; ‘Þj are fit by minimizing the mass difference be-
tween the two reconstructed heavy quarks using MINUIT

[38]. The fitted direction of each neutrino is constrained to
be within�R< 2:5 of the direction taken by the neutrino’s
leptonic partner from the W boson decay, and all jet
combinations are considered during each step of the mass
difference minimization. A solution of the minimization
procedure is penalized if the scalar sum of neutrino mo-
menta exceeds the scalar sum of lepton momenta by at
least 30%. The square of the difference between each
reconstructed W boson mass and 80.4 GeV is added to
the square of the heavy-quark mass difference in the mini-
mized function; the preferred solutions produce W bosons
with reconstructed masses that are close to the W
boson mass. The full minimization function is fmin¼
ðmQ1

�mQ2
Þ2þðmW1

�ð80:4GeVÞÞ2þðmW2
�ð80:4GeVÞÞ2.
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FIG. 3. True pT of parent W boson versus true �R between its
daughter lepton and neutrino. The scale, shown on the right,
indicates the number of generated MC events.

SEARCH FOR PAIR-PRODUCED HEAVY QUARKS . . . PHYSICAL REVIEW D 86, 012007 (2012)

012007-5



The two reconstructed mass values tend to be more
correlated for signal than background, as shown in Fig. 4.
This is because the collinear approximation does not work
well for single-top, diboson, Drell-Yan, and fake lepton
events. An event is only kept if the two values of recon-
structed mass are within 25 GeVof each other. The selec-
tion efficiency for this requirement is greater than 99% for
each signal, 95% for t�t, and only 75%–90% for other
backgrounds.

The final reconstructed mass (mCollinear) is taken to be the
average of the two reconstructed masses in the event.
Distributions of mCollinear for various simulated Q �Q
samples and the t�t background are shown in Fig. 5.

The expected background yields and number of ob-
served events after the baseline selection are given in
Table II. Distributions of HT and mCollinear are shown in
Fig. 6.
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TABLE II. Expected and observed number of events after
baseline selection. Uncertainties shown are statistical and sys-
tematic, added in quadrature.

Process ee e� ��

t�t 190þ40
�30 1140þ250

�200 370þ80
�70

Single-top 9:4þ2:2�1:9 60þ14�11 24þ5
�5

Z=�� ! ee 6:3þ2:0
�1:9 0:0þ0:1

�0:0 0:0þ0:1
�0:0

Z=�� ! �� 0:0þ0:1
�0:0 2:2þ1:1�1:1 17þ5

�4

Z=�� ! �� 7:3þ2:4�2:2 62þ15
�12 16þ4�4
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FIG. 6 (color online). Expected and observed distributions of
(a) HT and (b) mCollinear for the sum of ee, ��, and e� channels
after the baseline selection. The last bin contains overflow
events. Samples are stacked in the same order as they are
presented in the legend, from left to right; the first entry in the
legend is at the bottom of the stack. The signal has been
amplified to 20 times the expected rate.
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VII. BACKGROUND VALIDATION

Event samples with the baseline selection and low HT,
low lepton pT, low jet pT, or low Emiss

T are examined to
validate the modeling of the background (Fig. 7). These
conditions cause the distributions to be depleted of signal.
In each case, the data is described well by the background
model, within uncertainties.

VIII. FINAL EVENT SELECTION

The baseline selection provides excellent discrimination
against Z=�� production and other backgrounds, but addi-
tional selection requirements are necessary to suppress the
dominant t�t background. A triangular selection in HT þ
Emiss
T versus mCollinear, HT þ Emiss

T > X� 0:4�mCollinear

with X dependent on the assumed signal mass, is applied.
Mass-dependent requirements on Emiss

T and leading jet pT

are imposed as well. These selection requirements are
optimized in MC simulation by seeking a point of

maximum significance, S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, while simultaneously

varying all of the selection requirement parameters.
Distributions of HT þ Emiss

T versus mCollinear for back-
ground and signal are shown in Fig. 8. Tables III and IV
list the full set of optimized selection requirements at each
mass point. Table V lists the expected backgrounds, ex-
pected signal, and observed data for each mass point after
this final selection. Figure 9 shows the distributions in
mCollinear for two signal samples after the final selection.

IX. SYSTEMATIC UNCERTAINTIES

The major sources of systematic uncertainty are due to
modeling of the signal and most sources of background.

The uncertainties due to simulation of the lepton trigger,
reconstruction, and selection efficiencies are assessed us-
ing leptons from Z ! ee and Z ! �� in data [36]. MC
events are corrected for differences in data and simulation.
The statistical and systematic uncertainties in these correc-
tions are included in the uncertainties on the acceptance
values. Uncertainties in the modeling of the lepton energy
scale and resolution are studied using reconstructed Z
boson mass distributions. The jet energy scale (JES) and
its uncertainty are derived by combining information from
test-beam data, LHC collision data, and simulation [33].
The JES uncertainty varies as a function of jet pT and �
and also accounts for the presence of nearby jets and event
pileup. There is additional uncertainty associated with jets
originating from b quarks in simulation. Smaller uncer-
tainties are associated with the jet energy resolution and jet
finding efficiency.

Uncertainties related to the Emiss
T arise due to uncertain-

ties associated with low momenta jets, event pileup, and
calorimeter energy not associated with reconstructed lep-
tons or jets [34]. There is also some uncertainty in estimat-
ing the effect of a readout problem affecting a subset of the
LAr calorimeter channels in a part of the data set.
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FIG. 7 (color online). Distributions of mCollinear in events that
have (a) HT < 400 GeV, (b) two leptons with pT < 60 GeV,
(c) all jets with pT < 60 GeV, or (d) Emiss

T < 80 GeV. Each
histogram contains the sum of the ee, ��, and e� channels.
The last bin contains overflow events. Samples are stacked in the
same order as they are presented in the legend, from left to right;
the first entry in the legend is at the bottom of the stack.

SEARCH FOR PAIR-PRODUCED HEAVY QUARKS . . . PHYSICAL REVIEW D 86, 012007 (2012)

012007-7



The use of simulated samples to calculate the signal and
background acceptances gives rise to systematic uncertain-
ties from the generator choice, the amount of initial and
final state radiation (ISR/FSR), and from the PDF choice.
The uncertainty due to the choice of generator for t�t events
is evaluated by comparing the predictions of MC@NLO with
those of POWHEG [39] interfaced to either HERWIG or

PYTHIA. The uncertainty due to ISR/FSR is evaluated by

studies using the ACERMC [40] generator interfaced to
PYTHIA, varying the parameters controlling ISR and FSR

in a range consistent with experimental data [41]. For
Z=�� þ jets events, the generator uncertainty is evaluated
by comparing the predictions of ALPGEN with the PDF set
CTEQ6.1 and SHERPA [42] with the PDF set CTEQ6.6.
Finally, the uncertainty in the PDFs used to generate
signal, t�t, and single-top events is evaluated using the
procedure adopted in a measurement of the t�t cross
section [36].
The integrated luminosity measurement carries a 3.7%

uncertainty [16,17]. Each sample also has an uncertainty
associated with its theoretical cross section or with its data-
driven rate. For t�t [20], single-top [28,29], and Z=�� ! ��
[43] the rate uncertainty is estimated from theoretical
calculations. Z=�� ! ee, Z=�� ! ��, and fake lepton
event rate uncertainties are evaluated with the data-driven
fitting described in Sec. V. The cross section uncertainty
for each signal point comes from HATHOR NNLO calcu-
lations and can be found in Table I. The background
normalization uncertainties are listed in Table VI.
The effects of the systematic uncertainties on the overall

background yield are summarized in Table VII for the cuts
used for mQ ¼ 350 GeV.

X. RESULTS AND DISCUSSION

A binned maximum-likelihood ratio technique is used to
fit distributions of mCollinear to the observed data in order to
measure the most likely Q �Q production cross section,
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FIG. 8. HT þ Emiss
T versus mCollinear for (a) background and

(b) mQ ¼ 350 GeV signal events for the sum of ee, ��, and

e� channels. The scale, shown on the right indicates the number
of reconstructed MC events per bin passing the baseline selec-
tion and weighted to

R
Ldt ¼ 1:04 fb�1. The shaded region is

removed by the triangular selection requirement shown in
Table III.

TABLE III. List of HT þ Emiss
T versus mCollinear requirements

for each mQ.

mQ (GeV) Triangle requirement (GeV)

300 HT þ Emiss
T > 610� 0:4�mCollinear

350 HT þ Emiss
T > 700� 0:4�mCollinear

400 HT þ Emiss
T > 790� 0:4�mCollinear

450 HT þ Emiss
T > 880� 0:4�mCollinear

500 HT þ Emiss
T > 970� 0:4�mCollinear

TABLE IV. List of jet pT and Emiss
T requirements for each mQ.

mQ (GeV) Jet pT (GeV) Emiss
T (GeV)

300 Leading jet pT > 80 -

350 Leading jet pT > 120 -

400 Leading jet pT > 130 Emiss
T > 70

450 Leading jet pT > 130 Emiss
T > 70

500 Leading jet pT > 130 Emiss
T > 70

TABLE V. Expected background, expected signal, and ob-
served data in ee, ��, and e� channels for mQ ¼
300–500 GeV after final selection. The uncertainties shown
include both statistical and systematic contributions.

mQ

(GeV)

Expected

background

Expected

signal

Observed

data

300 300þ40
�40 95þ14�12 315

350 148þ22
�18 35þ5

�4 180

400 75þ11�10 17:1þ2:5
�2:1 89

450 49þ8
�6 8:4þ1:2

�1:0 57

500 30þ5
�4 4:4þ0:6

�0:5 36
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�ðpp ! Q �QÞ. In the fitting technique, all events with
mCollinear > 760 GeV are considered to belong in the
same bin. A shape fit is performed on background and
signal simultaneously; this allows the background normal-
ization to float, but maintains the bin-to-bin relationships

that define the background and signal shapes in mCollinear.
This fitting procedure allows for the possibility of an
underestimated or overestimated background in the signal
region. To take into account systematic uncertainties, the
signal and background shapes are smoothly deformed in
generated samples of pseudodata by random variations
consistent with these uncertainties as shown in Tables VI
and VII; these fluctuations are not constrained by the data.
Most of the systematic uncertainties are assumed to be
correlated between signal and background; the uncertain-
ties due to cross section or data-driven estimates, Drell-Yan
modeling, t�t modeling, and t�t generation are uncorrelated
between signal and background.
A small excess is observed over the background expec-

tation for each hypothetical Q mass.
Since the statistical interpretation uses the full shape of

the signal and background distributions, the results in
Table V do not entirely determine the results; only a
signal-like excess would weaken the observed limits. The
excess shape in the mCollinear distribution is not particularly
signal-like and the data are found to be in better agreement
with the background-only than the signalþ background
hypothesis.
Statistical interpretation of the fitted cross section � is

made using the CLs technique [44,45]. This technique
performs fits in pseudodata generated from the background
model and varying levels of injected signal to measure the
ability of the fit to distinguish between the background-
only and background-plus-signal hypotheses. In the case
that the data are in better agreement with the background-
only hypothesis, 95% C.L. upper limits on the signal
cross section �95 are derived. The limit �95 is chosen so
that
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FIG. 9 (color online). Distributions of mCollinear for the sum of
ee, ��, and e� channels after applying the final selection for
(a) mQ ¼ 350 GeV and (b) mQ ¼ 400 GeV. The last bin con-

tains overflow events. The uncertainty bands include all statis-
tical and systematic background uncertainties. The signal
samples are normalized using the cross sections in Table I.
Samples are stacked in the same order as they are presented in
the legend, from left to right; the first entry in the legend is at the
bottom of the stack.

TABLE VI. Overall normalization uncertainties for each back-
ground, which are either due to cross section uncertainties or
uncertainties related to data-driven methods.

Background þ1� Unc. �1� Unc.

t�t 7% 10%

Single-top 7% 7%

Z=�� ! ee 60% 30%

Z=�� ! �� 40% 30%

Z=�� ! �� 40% 40%

WW, WZ, ZZ 5% 5%

Fake leptons 50% 50%

TABLE VII. The effects of the �1� systematic uncertainties
on the overall background yield.

Source þ1� Unc. �1� Unc.

Lepton trigger 1% 1%

Lepton ID and reconstruction 2% <1%
Jet reconstruction 3% 3%

Jet energy resolution 2% 2%

Jet energy scale 13% 11%

� momentum resolution 2% 2%

� momentum scale 1% 2%

e energy resolution 1% 1%

e energy scale <1% <1%
e isolation pileup term 1% 1%

e isolation pT term <1% <1%
Emiss
T uncertainties 1% <1%

LAr readout problem 2% 2%

ISR/FSR: t�t 8% 5%

MC generator: t�t 1% <1%
MC fragmentation/model: t�t 1% 1%

Drell-Yan model 7% 7%
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ps

1� p0
< 0:05

where ps is the fraction of fits in pseudodata with injected
signal�95 that give a result as seen in the data, and p0 is the
corresponding fraction from pseudodata drawn from the
background hypothesis. Thus the performance of the fitting
technique in ensembles of pseudodata is naturally ac-
counted for. Figure 10 shows the observed and expected
limits on the production cross section �ðpp ! Q �QÞ.

The upper limit on the production cross section is con-
verted into a lower limit on mQ by finding the point of

intersection with the theoretical prediction as a function of
mQ. This analysis finds a lower limit of mQ > 350 GeV at

95% C.L. whereas a limit ofmQ > 335 GeVwas expected.

This limit assumes that the branching ratio (BR) of
Q ! Wq is 100%. Limits were calculated for simulated
samples of Q ! Wb, Q ! Ws, and Q ! Wd, but the
results were approximately the same for all samples. The
results from Q ! Wu and Q ! Wc were assumed to be
analogous for Q ! Ws and Q ! Wd, respectively.

XI. CONCLUSIONS

This article presents a search for pair production of
heavy quarks decaying to Wq in the dilepton channel at
the CERN LHC. This search allows q ¼ d, s, b for up-type
Q final states or q ¼ u, c for down-type Q final states. The

analyzed data correspond to an integrated luminosity of
1:04 fb�1 collected by the ATLAS detector in pp colli-
sions at

ffiffiffi
s

p ¼ 7 TeV. To enhance the sensitivity to a new
quark, mass reconstruction is performed by exploiting
the boost received by the heavy-quark decay products.
The reconstructed mass is used for binned maximum-
likelihood ratio fitting.
The data are found to be in agreement with the expec-

tation from the standard model. A lower limit is set on the
mass mQ > 350 GeV at 95% confidence level. This limit

assumes BRðQ ! WqÞ ¼ 100% and is applicable to many
exotic models [46,47], including up-type fourth-generation
quarks t0, down-type fourth-generation quarks b0, and
quarks with exotic charges (such as �4=3) decaying to
light quarks.
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S. Ask,27 B. Åsman,144a,144b L. Asquith,5 K. Assamagan,24 A. Astbury,167 A. Astvatsatourov,51 B. Aubert,4

E. Auge,113 K. Augsten,125 M. Aurousseau,143a G. Avolio,161 R. Avramidou,9 D. Axen,166 C. Ay,53 G. Azuelos,91,g

Y. Azuma,153 M.A. Baak,29 G. Baccaglioni,87a C. Bacci,132a,132b A.M. Bach,14 H. Bachacou,134 K. Bachas,29

M. Backes,48 M. Backhaus,20 E. Badescu,25a P. Bagnaia,130a,130b S. Bahinipati,2 Y. Bai,32a D. C. Bailey,156 T. Bain,156

J. T. Baines,127 O.K. Baker,173 M.D. Baker,24 S. Baker,75 E. Banas,38 P. Banerjee,91 Sw. Banerjee,170 D. Banfi,29

A. Bangert,148 V. Bansal,167 H. S. Bansil,17 L. Barak,169 S. P. Baranov,92 A. Barashkou,63 A. Barbaro Galtieri,14

T. Barber,47 E. L. Barberio,84 D. Barberis,49a,49b M. Barbero,20 D.Y. Bardin,63 T. Barillari,97 M. Barisonzi,172

T. Barklow,141 N. Barlow,27 B.M. Barnett,127 R.M. Barnett,14 A. Baroncelli,132a G. Barone,48 A. J. Barr,116

F. Barreiro,78 J. Barreiro Guimarães da Costa,56 P. Barrillon,113 R. Bartoldus,141 A. E. Barton,69 V. Bartsch,147

R. L. Bates,52 L. Batkova,142a J. R. Batley,27 A. Battaglia,16 M. Battistin,29 F. Bauer,134 H. S. Bawa,141,h S. Beale,96

T. Beau,76 P. H. Beauchemin,159 R. Beccherle,49a P. Bechtle,20 H. P. Beck,16 S. Becker,96 M. Beckingham,136

K.H. Becks,172 A. J. Beddall,18c A. Beddall,18c S. Bedikian,173 V.A. Bednyakov,63 C. P. Bee,81 M. Begel,24

S. Behar Harpaz,150 P. K. Behera,61 M. Beimforde,97 C. Belanger-Champagne,83 P. J. Bell,48 W.H. Bell,48

G. Bella,151 L. Bellagamba,19a F. Bellina,29 M. Bellomo,29 A. Belloni,56 O. Beloborodova,105,i K. Belotskiy,94

O. Beltramello,29 S. Ben Ami,150 O. Benary,151 D. Benchekroun,133a C. Benchouk,81 M. Bendel,79 N. Benekos,163

Y. Benhammou,151 E. Benhar Noccioli,48 J. A. Benitez Garcia,157b D. P. Benjamin,44 M. Benoit,113 J. R. Bensinger,22

K. Benslama,128 S. Bentvelsen,103 D. Berge,29 E. Bergeaas Kuutmann,41 N. Berger,4 F. Berghaus,167 E. Berglund,103

J. Beringer,14 P. Bernat,75 R. Bernhard,47 C. Bernius,24 T. Berry,74 C. Bertella,81 A. Bertin,19a,19b F. Bertinelli,29

F. Bertolucci,120a,120b M. I. Besana,87a,87b N. Besson,134 S. Bethke,97 W. Bhimji,45 R.M. Bianchi,29 M. Bianco,70a,70b

O. Biebel,96 S. P. Bieniek,75 K. Bierwagen,53 J. Biesiada,14 M. Biglietti,132a H. Bilokon,46 M. Bindi,19a,19b

S. Binet,113 A. Bingul,18c C. Bini,130a,130b C. Biscarat,175 U. Bitenc,47 K.M. Black,21 R. E. Blair,5 J.-B. Blanchard,134

G. Blanchot,29 T. Blazek,142a C. Blocker,22 J. Blocki,38 A. Blondel,48 W. Blum,79 U. Blumenschein,53

G. J. Bobbink,103 V. B. Bobrovnikov,105 S. S. Bocchetta,77 A. Bocci,44 C. R. Boddy,116 M. Boehler,41 J. Boek,172

N. Boelaert,35 J. A. Bogaerts,29 A. Bogdanchikov,105 A. Bogouch,88,c C. Bohm,144a V. Boisvert,74 T. Bold,37

V. Boldea,25a N.M. Bolnet,134 M. Bona,73 V.G. Bondarenko,94 M. Bondioli,161 M. Boonekamp,134 C. N. Booth,137

S. Bordoni,76 C. Borer,16 A. Borisov,126 G. Borissov,69 I. Borjanovic,12a M. Borri,80 S. Borroni,85

V. Bortolotto,132a,132b K. Bos,103 D. Boscherini,19a M. Bosman,11 H. Boterenbrood,103 D. Botterill,127 J. Bouchami,91

J. Boudreau,121 E. V. Bouhova-Thacker,69 D. Boumediene,33 C. Bourdarios,113 N. Bousson,81 A. Boveia,30 J. Boyd,29

I. R. Boyko,63 N. I. Bozhko,126 I. Bozovic-Jelisavcic,12b J. Bracinik,17 A. Braem,29 P. Branchini,132a

G.W. Brandenburg,56 A. Brandt,7 G. Brandt,116 O. Brandt,53 U. Bratzler,154 B. Brau,82 J. E. Brau,112 H.M. Braun,172

B. Brelier,156 J. Bremer,29 R. Brenner,164 S. Bressler,169 D. Britton,52 F.M. Brochu,27 I. Brock,20 R. Brock,86

T. J. Brodbeck,69 E. Brodet,151 F. Broggi,87a C. Bromberg,86 J. Bronner,97 G. Brooijmans,34 W.K. Brooks,31b

G. Brown,80 H. Brown,7 P. A. Bruckman de Renstrom,38 D. Bruncko,142b R. Bruneliere,47 S. Brunet,59 A. Bruni,19a

G. Bruni,19a M. Bruschi,19a T. Buanes,13 Q. Buat,54 F. Bucci,48 J. Buchanan,116 N. J. Buchanan,2 P. Buchholz,139

R.M. Buckingham,116 A. G. Buckley,45 S. I. Buda,25a I. A. Budagov,63 B. Budick,106 V. Büscher,79 L. Bugge,115
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F. Dydak,29 M. Düren,51 W. L. Ebenstein,44 J. Ebke,96 S. Eckweiler,79 K. Edmonds,79 C.A. Edwards,74

N. C. Edwards,52 W. Ehrenfeld,41 T. Ehrich,97 T. Eifert,141 G. Eigen,13 K. Einsweiler,14 E. Eisenhandler,73

T. Ekelof,164 M. El Kacimi,133c M. Ellert,164 S. Elles,4 F. Ellinghaus,79 K. Ellis,73 N. Ellis,29 J. Elmsheuser,96

M. Elsing,29 D. Emeliyanov,127 R. Engelmann,146 A. Engl,96 B. Epp,60 A. Eppig,85 J. Erdmann,53 A. Ereditato,16

D. Eriksson,144a J. Ernst,1 M. Ernst,24 J. Ernwein,134 D. Errede,163 S. Errede,163 E. Ertel,79 M. Escalier,113

C. Escobar,121 X. Espinal Curull,11 B. Esposito,46 F. Etienne,81 A. I. Etienvre,134 E. Etzion,151 D. Evangelakou,53

H. Evans,59 L. Fabbri,19a,19b C. Fabre,29 R.M. Fakhrutdinov,126 S. Falciano,130a Y. Fang,170 M. Fanti,87a,87b

A. Farbin,7 A. Farilla,132a J. Farley,146 T. Farooque,156 S.M. Farrington,116 P. Farthouat,29 P. Fassnacht,29

D. Fassouliotis,8 B. Fatholahzadeh,156 A. Favareto,87a,87b L. Fayard,113 S. Fazio,36a,36b R. Febbraro,33 P. Federic,142a

O. L. Fedin,119 W. Fedorko,86 M. Fehling-Kaschek,47 L. Feligioni,81 D. Fellmann,5 C. Feng,32d E. J. Feng,30

A. B. Fenyuk,126 J. Ferencei,142b J. Ferland,91 W. Fernando,107 S. Ferrag,52 J. Ferrando,52 V. Ferrara,41 A. Ferrari,164

SEARCH FOR PAIR-PRODUCED HEAVY QUARKS . . . PHYSICAL REVIEW D 86, 012007 (2012)

012007-13



P. Ferrari,103 R. Ferrari,117a D. E. Ferreira de Lima,52 A. Ferrer,165 M. L. Ferrer,46 D. Ferrere,48 C. Ferretti,85

A. Ferretto Parodi,49a,49b M. Fiascaris,30 F. Fiedler,79 A. Filipčič,72 A. Filippas,9 F. Filthaut,102 M. Fincke-Keeler,167
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J. Goncalves Pinto Firmino Da Costa,41 L. Gonella,20 A. Gonidec,29 S. Gonzalez,170 S. González de la Hoz,165
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M. J. Kotamäki,29 S. Kotov,97 V.M. Kotov,63 A. Kotwal,44 C. Kourkoumelis,8 V. Kouskoura,152 A. Koutsman,157a

R. Kowalewski,167 T. Z. Kowalski,37 W. Kozanecki,134 A. S. Kozhin,126 V. Kral,125 V. A. Kramarenko,95

G. Kramberger,72 M.W. Krasny,76 A. Krasznahorkay,106 J. Kraus,86 J. K. Kraus,20 A. Kreisel,151 F. Krejci,125

J. Kretzschmar,71 N. Krieger,53 P. Krieger,156 K. Kroeninger,53 H. Kroha,97 J. Kroll,118 J. Kroseberg,20 J. Krstic,12a
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T. Ženiš,142a Z. Zinonos,120a,120b S. Zenz,14 D. Zerwas,113 G. Zevi della Porta,56 Z. Zhan,32d D. Zhang,32b,jj

H. Zhang,86 J. Zhang,5 X. Zhang,32d Z. Zhang,113 L. Zhao,106 T. Zhao,136 Z. Zhao,32b A. Zhemchugov,63 S. Zheng,32a

J. Zhong,116 B. Zhou,85 N. Zhou,161 Y. Zhou,149 C. G. Zhu,32d H. Zhu,41 J. Zhu,85 Y. Zhu,32b X. Zhuang,96

V. Zhuravlov,97 D. Zieminska,59 R. Zimmermann,20 S. Zimmermann,20 S. Zimmermann,47 M. Ziolkowski,139
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133aFaculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies-Université Hassan II,
Casablanca, Morocco

133bCentre National de l’Energie des Sciences Techniques Nucleaires, Rabat, Morocco
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133eFaculté des Sciences, Université Mohammed V-Agdal, Rabat, Morocco
134DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers),

CEA Saclay (Commissariat a l’Energie Atomique), Gif-sur-Yvette, France
135Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, California, USA

136Department of Physics, University of Washington, Seattle, Washington, USA
137Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom

138Department of Physics, Shinshu University, Nagano, Japan
139Fachbereich Physik, Universität Siegen, Siegen, Germany

140Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada
141SLAC National Accelerator Laboratory, Stanford, California, USA

142aFaculty of Mathematics, Physics & Informatics, Comenius University, Bratislava, Slovak Republic
142bDepartment of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic

143aDepartment of Physics, University of Johannesburg, Johannesburg, South Africa
143bSchool of Physics, University of the Witwatersrand, Johannesburg, South Africa

144aDepartment of Physics, Stockholm University, Sweden
144bThe Oskar Klein Centre, Stockholm, Sweden

145Physics Department, Royal Institute of Technology, Stockholm, Sweden
146Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook, New York, USA

147Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
148School of Physics, University of Sydney, Sydney, Australia

149Institute of Physics, Academia Sinica, Taipei, Taiwan
150Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel

151Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
152Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece

153International Center for Elementary Particle Physics and Department of Physics, The University of Tokyo, Tokyo, Japan
154Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan

155Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
156Department of Physics, University of Toronto, Toronto, Ontatio, Canada

157aTRIUMF, Vancouver, British Columbia, Canada
157bDepartment of Physics and Astronomy, York University, Toronto, Ontario, Canada

158Institute of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai,Tsukuba, Ibaraki 305-8571, Japan
159Science and Technology Center, Tufts University, Medford, Massachusetts, USA

160Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
161Department of Physics and Astronomy, University of California Irvine, Irvine, California, USA

162aINFN Gruppo Collegato di Udine, Italy
162bICTP, Trieste, Italy

162cDipartimento di Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy
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jAlso at Università di Napoli Parthenope, Napoli, Italy.
kAlso at Institute of Particle Physics (IPP), Canada.
lAlso at Department of Physics, Middle East Technical University, Ankara, Turkey.

mAlso at Louisiana Tech University, Ruston, LA, USA.
nAlso at Department of Physics and Astronomy, University College London, London, United Kingdom.
oAlso at Group of Particle Physics, University of Montreal, Montreal, QC, Canada.
pAlso at Department of Physics, University of Cape Town, Cape Town, South Africa.
qAlso at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
rAlso at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany.
sAlso at Manhattan College, New York, NY, USA.
tAlso at School of Physics, Shandong University, Shandong, China.
uAlso at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France.
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