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Search for t �t resonances in the lepton plus jets final state with ATLAS using 4:7 fb�1

of pp collisions at
ffiffiffi
s

p ¼ 7 TeV

G. Aad et al.*

(ATLAS Collaboration)
(Received 13 May 2013; published 23 July 2013)

A search for new particles that decay into top quark pairs (t�t) is performed with the ATLAS experiment

at the LHC using an integrated luminosity of 4:7 fb�1 of proton–proton (pp) collision data collected at a

center-of-mass energy
ffiffiffi
s

p ¼ 7 TeV. In the t�t ! WbWb decay, the lepton plus jets final state is used,

where one W boson decays leptonically and the other hadronically. The t�t system is reconstructed using

both small-radius and large-radius jets, the latter being supplemented by a jet substructure analysis. A

search for local excesses in the number of data events compared to the Standard Model expectation in the

t�t invariant mass spectrum is performed. No evidence for a t�t resonance is found and 95% credibility-level

limits on the production rate are determined for massive states predicted in two benchmark models. The

upper limits on the cross section times branching ratio of a narrow Z0 resonance range from 5.1 pb for a

boson mass of 0.5 TeV to 0.03 pb for a mass of 3 TeV. A narrow leptophobic topcolor Z0 resonance with a

mass below 1.74 TeV is excluded. Limits are also derived for a broad color-octet resonance with �=m ¼
15:3%. A Kaluza–Klein excitation of the gluon in a Randall–Sundrum model is excluded for masses

below 2.07 TeV.

DOI: 10.1103/PhysRevD.88.012004 PACS numbers: 13.85.Rm, 12.60.Cn, 14.65.Ha, 14.80.Rt

I. INTRODUCTION

Despite its many successes, the Standard Model (SM) of
particle physics is believed to be an effective field theory
valid only for energies up to the TeV scale. Due to its large
mass, the top quark is of particular interest for the electro-
weak symmetry breaking mechanism and could potentially
be connected with new phenomena. Several proposed ex-
tensions to the SM predict the existence of heavy particles
that decay primarily to top quark pairs.

This paper presents the results of a search for production
of new particles decaying to top quark pairs using a data set
corresponding to an integrated luminosity of 4:7 fb�1 of
7 TeV center-of-mass energy proton–proton (pp) collisions
collected by the ATLAS experiment in 2011. The search is
carried out using the lepton plus jets decay channel where
theW boson from one top quark decays leptonically (to an
electron or a muon, and a neutrino) and the other top quark
decays hadronically. This search uses a combination of
resolved and boosted reconstruction schemes, defined by
the cases when the top quark decay products are well
separated or merged in the detector, respectively. In the
resolved reconstruction scheme, the hadronically decaying
top quark is identified by two or three distinct small-radius
jets, while in the boosted reconstruction scheme one large-
radius jet with substructure consistent with jets from a W
boson and a b-quark is used. The boosted reconstruction

scheme is more suitable for high-mass t�t resonances as the
top quark decay products become more collimated.
Examples of hypothetical models that contain high-mass

t�t resonances are the topcolor assisted technicolor model
(TC2) [1–3], which predicts a leptophobic Z0 particle [4],
and a Randall–Sundrum warped extra-dimension model,
which predicts a bulk Kaluza–Klein (KK) gluon [5–9], a
color octet. Two specific benchmark models are chosen
and are used throughout the rest of the paper. In the first
model, a leptophobic topcolor Z0 particle of width
�Z0=mZ0 ¼ 1:2% is considered as a resonance that is nar-
row with respect to the detector resolution of typically
10%. In the second model, a KK gluon (gKK) of width
�gKK=mgKK ¼ 15:3% is considered as a resonance that is

broad with respect to the detector resolution.
Previous searches for t�t resonances were carried out by

ATLAS in the lepton plus jets final state with 2 fb�1 of
integrated luminosity at

ffiffiffi
s

p ¼ 7 TeV using resolved and
boosted reconstruction techniques separately [10,11].
With a resolved reconstruction technique, a Z0 resonance
is excluded for 0:50<mZ0 < 0:88 TeV and a KK gluon
is excluded for 0:50<mgKK < 1:13 TeV, both at

95% credibility level (C.L.). With a boosted reconstruction
technique, a leptophobic Z0 is excluded for 0:60<mZ0 <
1:15 TeV and a KK gluon is ruled out for 0:60<mgKK <

1:5 TeV at 95% C.L. Using both resolved and boosted
reconstruction techniques on an integrated luminosity of
5 fb�1 of lepton plus jets events at

ffiffiffi
s

p ¼ 7 TeV, the CMS
experiment excludes a narrow leptophobic topcolor Z0
resonance in the mass range 0.50–1.49 TeVand a KK gluon
in the mass range 1.00–1.82 TeV [12]. A CMS study
conducted on the same data set, but using dilepton plus
jets final states, sets slightly less stringent limits on the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW D 88, 012004 (2013)

1550-7998=2013=88(1)=012004(28) 012004-1 � 2013 CERN, for the ATLAS Collaboration

http://dx.doi.org/10.1103/PhysRevD.88.012004
http://creativecommons.org/licenses/by/3.0/


narrow Z0 resonance, 0:75<mZ0 < 1:3 TeV [13]. The
ATLAS and CMS experiments also performed searches
where the top quark pair decays hadronically, using
4:7 fb�1 and 5:0 fb�1 of integrated luminosity, respec-
tively, at

ffiffiffi
s

p ¼ 7 TeV. ATLAS excludes a narrow Z0
resonance in the mass ranges 0.70–1.00 TeV and 1.28–
1.32 TeV [14] as well as a broad KK gluon with mass
0.7–1.62 TeV. The CMS Collaboration excludes a narrow
Z0 particle in the mass range 1.3–1.5 TeV [15]. The reach
of the LHC searches now extends to far higher resonance
masses than the Tevatron results [16–19].

Using 4:7 fb�1 of integrated luminosity, this analysis
improves the previous ATLAS lepton plus jets analyses
in that it uses a large-radius R ¼ 1:0 jet trigger, applies
b-tagging in the boosted selection, utilizes an optimized
method for charged lepton isolation, and combines the
resolved and boosted reconstruction analyses.

II. THE ATLAS DETECTOR

The ATLAS detector [20] is designed to measure the
properties of a wide range of TeV scale physics processes
that may occur in pp interactions. It has a cylindrical
geometry and close to 4� solid-angle coverage.

ATLAS 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 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, measured from the x axis. The
pseudorapidity is defined in terms of the polar angle � as
� ¼ � ln tan ð�=2Þ. Transverse momentum and energy
are defined in the x-y plane, as pT ¼ p � sin ð�Þ and
ET ¼ E � sin ð�Þ.

The inner detector (ID) covers the pseudorapidity range
j�j< 2:5 and consists of multiple layers of silicon pixel
and microstrip detectors as well as a straw-tube transition
radiation tracker (j�j< 2:0), which also provides electron
identification information. The ID is surrounded by a
superconducting solenoid that provides a 2 T axial mag-
netic field.

The calorimeter system surrounds the ID and the solenoid
and covers the pseudorapidity range j�j< 4:9. It consists of
high-granularity lead/liquid-argon (LAr) electromagnetic
calorimeters, a steel/scintillator-tile hadronic calorimeter
within j�j< 1:7, and two copper/LAr hadronic endcap
calorimeters covering 1:5< j�j< 3:2. The solid-angle cov-
erage is completed out to j�j ¼ 4:9 with forward copper/
LAr and tungsten/LAr calorimeter modules.

The muon spectrometer (MS) surrounds the calorimeters,
incorporating multiple layers of trigger and tracking cham-
bers in an azimuthal magnetic field produced by an air-core
toroid magnet, which enables an independent, precise
measurement of muon track momentum for j�j< 2:7. The
muon trigger covers the region j�j< 2:4.

A three-level trigger system [21] is employed for the
ATLAS detector. The first-level trigger is implemented in
hardware, using a subset of detector information to reduce
the event rate to a design value of 75 kHz. This is followed
by two software-based trigger levels, which together
reduced the event rate to about 300 Hz in 2011.

III. DATA AND MONTE CARLO SAMPLES

The data used in this search were collected with the
ATLAS detector at the LHC in 2011. The data are used
only if they were recorded under stable beam conditions
and with all relevant subdetector systems operational. The
data sample used for resolved reconstruction was collected
with a single-muon trigger with a transverse momentum
threshold of 18 GeV or a single-electron trigger with a
transverse momentum threshold of 20 GeV, which was
raised to 22 GeV later in the year. The data sample used
for boosted reconstruction was collected with a single
large-radius (R ¼ 1:0) jet trigger with a transverse momen-
tum threshold of 240 GeV. R is the radius parameter of the
anti-kt jet algorithm, which is discussed in Sec. IV. The jet
trigger thresholds are measured at the electromagnetic
(EM) energy scale, which, at threshold, is on average
80% of the true energy scale, increasing with pT. The
integrated luminosity for the data sample is 4:7� 0:2 fb�1.
Simulated samples are used to predict the contributions

from various Standard Model processes to the expected
background and to model possible t�t resonance signals.
After Monte Carlo event generation, all samples are passed
through a GEANT4-based [22] simulation [23] of the
ATLAS detector and reconstructed using the same soft-
ware as for data. The effect of multiple pp interactions is
included in the simulated samples, and the simulated
events are weighted such that the distribution of the aver-
age number of pp interactions per bunch crossing agrees
with data.
The primary irreducible background is Standard Model

t�t production, characterized by a smoothly falling invariant
mass spectrum. It is modeled using the MC@NLO v4.01
[24–26] generator with HERWIG v6.520 [27,28] for parton
showering and hadronization and JIMMY [29] for modeling
the multiple parton interactions. The CT10 [30] parton
distribution functions (PDFs) are used and the top quark
mass is set to 172.5 GeV. Only events in which at least one
of theW bosons decays leptonically (including decays to �
leptons) are produced. This corresponds to an effective
cross section times branching ratio at approximate
NNLO (next-to-next-to-leading-order) of 90.5 pb [31,32],
obtained using the calculation described in Sec. VIII.
Additional t�t samples, generated with POWHEG [33] inter-
faced with PYTHIA or HERWIG, are used to evaluate the
model uncertainty in the parton showering and fragmenta-
tion, as described in Sec. VIII.
Single top quark production is modeled using multiple

generators. Production in the s-channel and production
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with an associated W boson (Wt) are modeled with
MC@NLO/HERWIG/JIMMY [34,35] as above. Production in

the t-channel is modeled using the ACERMC v3.8 [36]
generator and PYTHIA v6.421 [37] for parton showering
and hadronization. For the s- and t-channels, events are
generated in which the W boson is required to decay
leptonically while for the Wt process there is no such
requirement. The cross section times branching ratios
used are based on approximate NNLO calculations:
20.9 pb (t-channel) [38], 15.7 pb (Wt process) [39] and
1.5 pb (s-channel) [40].

The Standard Model production of W and Z bosons that
decay leptonically, accompanied by jets, is an important
background. This includes decays to � leptons. These
samples are generated with ALPGEN v2.13 [41] with up to
five extra partons in the matrix element. Modeling of
parton showering, hadronization and the underlying event
uses HERWIG and JIMMY as for the t�t samples, and the
matching of the matrix element to the parton shower is
done using the MLM method [42]. The PDFs used are
CTEQ6L1 [43]. Specific W boson plus heavy-flavor pro-
cesses (Wb �b, Wc �c, andWc) are generated separately with
ALPGEN and double counting of the heavy-flavor contribu-

tions is removed from the W plus light-quark jets samples.
The Wþjets samples are normalized to the inclusive
NNLO cross sections [44,45] and then corrected using
data as described in Sec. VII. The Zþjets production,
modeled using ALPGEN, includes contributions from the
interference between photon and Z boson exchanges, and
events are required to have a dilepton invariant mass 40<
m‘‘ < 2000 GeV. The Zb �b process is generated separately
with ALPGEN and heavy-flavor contribution overlap re-
moval is done as in the Wþjets case.

The diboson background is modeled using HERWIG and
JIMMY with MRST2007LO* PDFs [46]. A filter at genera-

tor level requiring the presence of at least one lepton with
pT > 10 GeV and j�j< 2:8 is used. The NLO cross sec-
tions used for the samples before filtering are 17.0 pb for
WW production, 5.5 pb for WZ production, and 1.3 pb for
ZZ production, estimated with the MCFM [47] generator.
The WZ and ZZ samples also include the off-shell photon
contribution decaying to dilepton pairs [48].

Signal samples of Z0 events are modeled using PYTHIA

with CTEQ6L1 PDFs. This Monte Carlo sample, where the
resonance width is 3%, is used to interpret the data in the
topcolor Z0 model (where the width is 1.2%) since in both
cases the width is negligible compared to the detector
resolution of 10%. The leptophobic topcolor Z0 boson
has a branching fraction to t�t of 33% for masses above
700 GeV, approaching exactly 1=3 for very large masses. It
is marginally smaller at lower masses with the smallest
value being 31% at a mass of 500 GeV [2,3]. A K-factor of
1.3 [49] is applied to account for NLO effects [50]. Signal
samples of Randall–Sundrum KK gluons are generated via
MADGRAPH [52] and then showered and hadronized using

PYTHIA. The width of the KK gluon is 15.3% of its mass

and its branching fraction to t�t is 92.5% [5]. The production
cross section times branching fractions for the two signals
can be found in Table I.

IV. PHYSICS OBJECT SELECTION

The physics object selection criteria closely follow those
in Ref. [53], the main exceptions being the treatment of
charged lepton isolation and the use of large-radius jets.
Jets are reconstructed using the anti-kt algorithm [54,55]

applied to topological clusters [56] of calorimeter cells
with significant energy above the noise threshold. Jets
with radius parameters of R ¼ 0:4 and R ¼ 1:0 are used.
For the small-radius R ¼ 0:4 jets, topological clusters at
the EM energy scale are used to form the jets [57], while
for the large-radius R ¼ 1:0 jets, locally calibrated topo-
logical clusters are used [57–59]. The usage of locally
calibrated clusters ensures a more correct description of
the energy distribution inside the large-radius jet, which is
needed when using jet substructure variables, as described
in Sec. V. Both the small-radius and large-radius jets have
their final transverse momentum and pseudorapidity ad-
justed with energy- and �-dependent correction factors.
These are derived from simulation [57,60] and verified
using data [57]. The small-radius jets are required to
have pT > 25 GeV and j�j< 2:5, while large-radius jets
must have pT > 350 GeV and j�j< 2:0. Above this jet
pT value, the large-radius jet trigger is more than 99%

efficient. A �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
separation require-

ment between small-radius and large-radius jets in the
boosted event selection below ensures no double counting
of topological cluster energy.
Small-radius jets are tagged as b-jets using a neural-

network-based b-tagging algorithm that uses as input the
results of impact parameter, secondary vertex, and decay
topology algorithms [61]. The operating point chosen for
the resolved selection corresponds to an average b-tagging
efficiency in simulated t�t events of 70% and a light-quark

TABLE I. The production cross section times branching frac-
tion (BR) for the resonant signal processes pp ! Z0 ! t�t in the
topcolor model and pp ! gKK ! t�t for the KK gluon in a
Randall–Sundrum model with warped extra dimensions. A
K-factor of 1.3 has been applied to the Z0 cross section to
account for NLO effects.

Mass [GeV]

Z0 ! t�t
�� BR� 1:3 [pb]

gKK ! t�t
�� BR [pb]

500 19.6 81.3

1000 1.2 4.1

1500 0.13 0.50

2000 0.019 0.095

2500 0.0030 0.026

3000 0.00097 0.0097

SEARCH FOR t�t RESONANCES IN THE LEPTON . . . PHYSICAL REVIEW D 88, 012004 (2013)

012004-3



rejection factor of 140 for pT > 20 GeV. For events pass-
ing the boosted selection criteria, the b-tagging efficiency
estimated from simulated t�t events using small-radius
jets with pT > 25 GeV is 75% and the light-quark jet
rejection factor is 85. The b-tag requirement for both the
resolved and boosted event selections refers only to small-
radius jets.

Electrons are identified by the shape of the shower in the
EM calorimeter and must have a matching track in the
inner detector [62]. The cluster in the EM calorimeter must
satisfy j�j< 2:47 with the transition region 1:37< j�j<
1:52 between EM calorimeter sections excluded. Electrons
are required to be isolated as described below and their
longitudinal impact distance (jz0j) from the primary event
vertex must be smaller than 2 mm. The primary event
vertex is defined as the vertex with the highest sum of
the squared pT values of the associated tracks (

P
p2
T;track)

in the event. Electrons within a cone of �R ¼ 0:4 with
respect to any small-radius jet are removed, which sup-
presses the background from multijet events with non-
prompt electrons and removes events where the same
calorimeter energy deposits would be counted within two
physics objects. The electron transverse momentum, pT, is
calculated using the cluster energy and track direction,
and must be greater than 25 GeV to ensure a fully
efficient trigger.

Muon candidates are formed by matching reconstructed
ID tracks with tracks reconstructed in the MS. Only muons
with j�j< 2:5 are used. Muons are required to be isolated
as described below and to have jz0j< 2 mm. For the
resolved reconstruction, muons are required to have a
separation in �R of at least 0.1 from any small-radius jet.
The muon momentum is calculated using both the MS and
the ID tracks, taking the energy loss in the calorimeter into
account. The transverse momentum of the muon must be
greater than 25 GeV, well above the trigger threshold,
chosen to reduce the multijet background without impact-
ing the signal.

The isolation of charged leptons is typically defined
using the transverse energy found in a fixed cone around
the lepton [48]. Because the angle between the charged
lepton and the b-quark decreases as the top quark is
more boosted, a better measure of isolation, named
mini-isolation, is used [63,64]. The use of mini-isolation
improves the lepton signal efficiency and background
rejection with respect to the fixed-cone algorithm. For
this analysis, mini-isolation is defined as

I‘mini ¼
X
tracks

ptrack
T ; �Rð‘; trackÞ<KT=p

‘
T; (1)

where the scalar sum runs over all tracks (except the
matched lepton track) that have ptrack

T > 1 GeV, pass qual-
ity selection criteria, and fulfill the �Rð‘; trackÞ require-
ment shown in Eq. (1). Here p‘

T is the lepton transverse
momentum and KT is an empirical scale parameter set to

10 GeV, chosen so that the size of the isolation cone is
optimal both at high and low pT. The requirement
I‘mini=p

‘
T < 0:05 is used, corresponding to 95% (98%) effi-

ciency for a muon (electron) in the pT region used for this
analysis. At low pT, this mini-isolation criterion corre-
sponds to a tighter isolation requirement than is used
in other top quark analyses at ATLAS, and at high pT it
is looser.
The missing transverse momentum, Emiss

T , is calculated
[65] from the vector sum of the transverse energy in
calorimeter cells associated with topological clusters.
The direction of the energy deposits is given by the line
joining the cell to the interaction point. Calorimeter cells
are first uniquely associated with a physics object (e.g.
electron, jet, or muon). The transverse energy of each
cell is then calibrated according to the type of object to
which it belongs, and the vector sum of these is calculated.
All muon transverse momenta are added and the associated
calorimeter cell energies are subtracted. Finally, topologi-
cal clusters not associated with any reconstructed object
are calibrated at the EM energy scale and added to the
transverse energy sum vector.

V. EVENT SELECTION

After passing a single-lepton trigger for the resolved
reconstruction or a large-radius jet trigger for the boosted
reconstruction, events are required to have exactly one
isolated lepton with pT > 25 GeV and I‘mini=pT < 0:05.
The reconstructed primary event vertex is required to
have at least five tracks with pT > 0:4 GeV. In the electron
channel, Emiss

T must be larger than 30 GeVand the transverse
mass larger than 30 GeV. The transverse mass is defined as

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTE

miss
T ð1� cos��Þ

q
, where pT is the transverse

momentum of the charged lepton and �� is the azimuthal
angle between the charged lepton and the missing transverse
momentum, which is assumed to be due to the neutrino. In
the muon channel, the selection is Emiss

T > 20 GeV and
Emiss
T þmT > 60 GeV. These selection criteria are chosen

to suppress the multijet background.
The selection requirements for jets differ for the cases of

resolved or boosted reconstruction. For the resolved recon-
struction, events are required to have at least three small-
radius jets with pT > 25 GeV and j�j< 2:5. To reduce the
effects of multiple pp interactions in the same bunch
crossing, at least 75% of the scalar sum of the pT of the
tracks in each jet (called ‘‘jet vertex fraction’’) is required
to be associated with the primary vertex. If one of the jets
has a mass [66] above 60 GeV, it is assumed to contain the
two quarks from the hadronic W decay, or one of these
quarks and the b-quark from the top quark decay. If no jet
has a mass above 60 GeV then at least four jets are
required, one of which must be tagged as a b-jet.
For the boosted reconstruction, the three partons from

the hadronic top quark decay are expected to have merged

G. AAD et al. PHYSICAL REVIEW D 88, 012004 (2013)

012004-4



into one large-radius jet. Thus, at least one large-radius jet
with pT > 350 GeV and a mass larger than 100 GeV is
required. The constituents of the large-radius jets are then
reclustered with the exclusive kt algorithm [67,68] using
FASTJET [55] and R ¼ 1:0. The last step in the reclustering

of subjets within a jet has the splitting scale
ffiffiffiffiffiffiffi
d12

p
.

Generally dij ¼ min ðp2
T;i; p

2
T;jÞ�R2

ij=R
2, where i and j

refer to the two last protojets to be merged, �Rij is a

measure of the angle between them, and R ¼ 1:0 is the
fixed radius parameter [67,68]. The value of

ffiffiffiffiffiffiffi
d12

p
is ex-

pected to be larger for jets that contain a top quark decay
than for jets from the non-top quark backgrounds. The
splitting scale

ffiffiffiffiffiffiffi
d12

p
is required to be larger than 40 GeV,

a criterion that rejects about 40% of the non-top quark
background, but only 10% of the t�t sample.

The jet formed by the b-quark from the semileptonically
decaying top quark is selected as a small-radius jet that
fulfills the same pT, � and jet vertex fraction criteria as
used in the resolved reconstruction and has a �R separa-
tion smaller than 1.5 from the lepton. If more than one jet
fulfills these criteria, the one closest to the lepton is chosen.
Two other requirements are applied to the event: the decay
products from the two top quarks are required to be well
separated through the criteria ��ð‘; j1:0Þ> 2:3 and
�Rðj0:4; j1:0Þ> 1:5, where j0:4 and j1:0 denote the jets
with R ¼ 0:4 and R¼1:0, respectively. The �Rðj0:4; j1:0Þ
requirement guarantees that there is no energy overlap
between the two jets [11]. The highest-pT large-radius jet
passing these criteria is taken as the hadronically decaying
top quark candidate.

Finally, in both selections at least one small-radius
b-tagged jet is required. In the boosted analysis this
requirement is independent of any large-radius jet in the
event, i.e. the b-tagged jet may originate from the hadronic
top quark decay and overlap with the large-radius jet or it
may originate from the leptonic top quark decay and thus
be near the lepton.

VI. EVENT RECONSTRUCTION

The t�t candidate invariant mass, mt�t, is computed from
the four-momenta of the two reconstructed top quarks. For
the semileptonically decaying top quark, in both the re-
solved and boosted selections, the longitudinal component
of the neutrino momentum, pz, is computed by imposing a
W boson mass constraint on the lepton plus Emiss

T system
[69,70]. If only one real solution for pz exists, this is used.
If two real solutions exist, the solution with the smallest
jpzj is chosen or both are tested, depending on the recon-
struction algorithm. In events where no real solution is
found, the Emiss

T vector is rescaled and rotated, applying
the minimum variation necessary to find exactly one real
solution. This procedure is justified since mismeasurement
of the Emiss

T vector is the likeliest explanation for the lack of
a solution to the pz equation, assuming that the lepton
indeed comes from a W boson decay.

For the resolved reconstruction, a �2 minimization
algorithm is used to select the best assignment of jets to
the hadronically and semileptonically decaying top quarks.
The �2 minimization uses the reconstructed top quark and
W boson masses as constraints:

�2 ¼
�
mjj �mW

�W

�
2 þ

�
mjjb �mjj �mth�W

�th�W

�
2

þ
�
mj‘� �mt‘

�t‘

�
2

þ
�ðpT;jjb � pT;j‘�Þ � ðpT;th � pT;t‘Þ

�diffpT

�
2
; (2)

where th and t‘ denote the hadronically and semileptoni-
cally decaying top quarks, respectively, and j and b denote
the jets originated by the light quarks and b-quarks. The
first term constrains the hadronically decaying W boson.
The second term corresponds to the invariant mass of the
hadronically decaying top quark, but since the invariant
mass of the jets from the W candidate (mjj) is heavily

correlated with the mass of the three jets from the hadronic
top quark candidate (mjjb), the mass of the hadronically

decayingW boson is subtracted to decouple this term from
the first one. The third term represents the semileptonically
decaying top quark, and the last term constrains the
transverse momenta of the two top quarks to be similar,
as expected for a resonance decay. The parameters of
Eq. (2) (mW , mth�W , mt‘ , �W , �th�W , �t‘ , pT;th � pT;t‘ ,

and �diffpT
) are determined from Monte Carlo simulation

studies comparing partons from the top quark decay with
reconstructed objects [71]. All small-radius jets satisfying
the physics object selection requirements of Sec. IV and
pT > 20 GeV are tried and the permutation with the lowest
�2 is used to calculate mt�t. The correct assignment of the
jets to the partons of the t�t decay ðq; �q0; b; �bÞ is achieved in
approximately 65% of the t�t events for which all the decay
products of the top quarks are in the acceptance of the
detector and can be matched to reconstructed objects. If
one of the jets has a mass larger than 60 GeV, the �2 is
slightly modified to allow the heavy jet to contain either the
two light quarks from the W boson decay or one quark
from the W boson and the b-quark from the top quark
decay. The reconstructed t�t invariant mass, mreco

t�t , in simu-

lated events is shown in Fig. 1(a) for a selection of Z0 and
gKK mass values.
For the boosted reconstruction, the hadronically decay-

ing top quark four-momentum is taken to be that of the
large-radius jet, while the semileptonically decaying top
quark four-momentum is formed from the neutrino solu-
tion from theW boson mass constraint, the high-pT lepton,
and the nearest small-radius jet. In this case there is no
ambiguity in the assignment of the objects to the original
top quarks. The reconstructed t�t invariant mass for a
selection of simulated Z0 and gKK mass points is shown
in Fig. 1(b).
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The extended tails at low masses for high-mass reso-
nances in Fig. 1 are caused mainly by the convolution of
the Z0 line shape and the steeply falling parton distribution
functions. The �2 method sometimes also reconstructs a
slightly lower mt�t value in the case of hard final-state
radiation, since it tends to select the soft jets from the light
quarks in the top quark decay, rather than hard jets from
final-state radiation.

Four independent mt�t invariant mass spectra are used
to search for t�t resonances. For each of the eþjets and
	þjets decay channels, two orthogonal data samples are
created. The first sample contains all events that pass the
boosted event selection. For these events, mt�t is estimated
using the boosted reconstruction. This first sample
includes events that also pass the resolved event selection.
For these events the boosted reconstruction is used
because of its better reconstructed mass resolution. The
second sample, referred to as the resolved selection in
the remainder of the paper, contains all events that pass
the resolved event selection but do not pass the boosted
event selection.

The efficiency of the boosted event selection for select-
ing Z0 ! t�t events (including all possible t�t decay chan-
nels) as a function of the true invariant mass of the t�t
system is shown in Fig. 2, together with the selection
efficiency for all events passing either selection method.
These efficiencies are given with respect to the full set of
Z0 ! t�t events and they include both the fraction of events
within the fiducial acceptance and the fraction of those
events that pass the criteria for reconstructed objects, as
well as the branching fraction to the various final states.
At masses below 1 TeV, the resolved selection is the most
efficient, whereas the boosted selection gains in impor-
tance at high masses. The eþjets efficiency drops at high
masses, due to the �Rðj; eÞ> 0:4 requirement, which
removes highly collimated top quark decays. The overall
selection efficiency is larger for the 	þjets channel
because of an inherent larger selection efficiency of muons
compared with electrons, and also because of the differ-
ences in the requirements on the missing transverse energy
and transverse mass.

VII. BACKGROUNDS DETERMINED FROM DATA

The Wþjets and multijet backgrounds and their uncer-
tainties are largely determined from data. The expected
shape of the mreco

t�t distribution of the Wþjets background

is estimated using ALPGEN simulation samples, but the
overall normalization and flavor fractions are determined
from data.
The total number of Wþjets events passing selection

criteria in the data, NWþ þ NW� , is estimated from the
observed charge asymmetry in data [72,73] and the pre-
dicted charge asymmetry in Wþjets events from
Monte Carlo simulation:

NWþ þ NW� ¼
�
rMC þ 1

rMC � 1

�
ðDcorrþ �Dcorr�Þ; (3)
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where rMC is the predicted ratio in Monte Carlo simulation
of theWþ toW� boson cross sections after event selection
criteria are applied (but without b-tagging) and Dcorrþð�Þ
is the number of observed events with a positively
(negatively) charged lepton. Charge-symmetric contribu-
tions from t�t and Zþjets processes cancel in the difference
and the contributions from the remaining, slightly charge-
asymmetric processes are accounted for by Monte Carlo
simulation. To increase the sample size for the boosted
selection, the jet mass and

ffiffiffiffiffiffiffi
d12

p
requirements are not

applied and the pT requirement on the large-radius jet is
relaxed to be>300 GeV. From stability tests performed by
varying the pT requirement, it is concluded that no addi-
tional uncertainty for the extrapolation to the signal region
is needed. The resulting corrections for the Wþjets yields
from Monte Carlo simulation to agree with data are unity
within their uncertainties (10%–20%) for both the boosted
and resolved selections.

Data are also used to determine scale factors for the
relative fraction ofWþjets events with heavy-flavor jets. A
system of three equations is solved to determine the frac-
tions of events containing two b-quarks, two c-quarks, one

c-quark, or only light quarks, for each jet multiplicity i of
the events. The ratio of events containing two b-quarks to
events with two c-quarks is taken from Monte Carlo simu-
lation. The sum of all flavor fractions is constrained to
unity. By comparing the number of events with i jets before
and after b-tagging (separately for positively and nega-
tively charged leptons) between data and Monte Carlo
simulation, correction factors for the flavor fractions for
each jet bin i are determined [53,73,74].
The normalization and shape of the multijet back-

grounds are determined directly from data using a matrix
method [53] for both the resolved and boosted selections.
The multijet backgrounds include all background sources
from processes with nonprompt leptons or jets misrecon-
structed as leptons, including the fully hadronic decays of
W and Z bosons and t�t pairs (both from Standard Model
production and from possible signal). The matrix method
uses efficiencies, measured in data, associated with prompt
leptons (from W and Z boson decays) and nonprompt
leptons (from multijet events) passing the required isolation
criterion. An alternative method, called the jet-electron
method [70] is used to estimate the systematic uncertainty
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of the normalization and shape of the invariant mass spec-
trum associated with this background. Consistency checks
comparing the matrix method with the jet-electron method
show that the normalization uncertainty is 60%, for both the
resolved and boosted selections, and that the impact of the
shape uncertainty is negligible.

For both selection methods, the modeling of the multi-
jet contribution is validated using a multijet-enriched
control region with Emiss

T < 50 GeV and mT < 50 GeV.
For muons, both selection methods require a transverse
impact parameter significance jd0j=�ðd0Þ> 4 to enhance
the fraction of heavy-flavor jets in the sample, which is
the dominant source of multijet events after b-tagging.
For the boosted selection, at least one large-radius jet
with pT > 150 GeV is also required and the jet mass
and kt splitting scale requirements are inverted to
mjet < 100 GeV and

ffiffiffiffiffiffiffi
d12

p
< 40 GeV. The control region

for the boosted selection is disjoint from the signal region,
while 14% (6%) of events from the control region for the
resolved selection also pass the signal region criteria
for the eþjets (	þjets) channel. Within the quoted

systematic uncertainties, the modeling of the multijet
background agrees with the data in the control regions,
as shown in Fig. 3.

VIII. SYSTEMATIC UNCERTAINTIES

The final observables are the four t�t invariant mass
spectra (two selections and two decay channels). The
uncertainties can be broadly divided into two categories:
uncertainties that affect reconstructed physics objects
(such as jets) and uncertainties that affect the modeling
of certain backgrounds or signals. Some of the uncertain-
ties affect both the shape and the normalization of the
spectrum, while others affect the normalization only.
The dominant normalization uncertainty on the total

background is the Standard Model t�t cross section uncer-
tainty of 11%. The uncertainty has been calculated at
approximate NNLO in QCD [31] with HATHOR 1.2 [32]
using the MSTW2008 90% confidence level NNLO PDF
sets [75] and PDFþ
S uncertainties according to the
MSTW prescription [76]. These uncertainties are then

TABLE II. Average uncertainty from the dominant systematic effects on the total background
yield and on the estimated yield of a Z0 with m ¼ 1:6 TeV. The eþjets and 	þjets spectra are
added. The shift is given in percent of the nominal value. The error on the yield from all
systematic effects is estimated as the quadratic sum of all systematic uncertainties. Certain
systematic effects are not relevant for the Z0 samples, which is indicated with dots ( � � � ) in the
table.

Resolved selection

uncertainty [%]

Boosted selection

uncertainty [%]

Systematic effect tot. bkg. Z0 tot. bkg. Z0

Luminosity 3.3 3.9 3.5 3.9

PDF 4.7 3.2 7.3 1.5

ISR/FSR 0.5 � � � 0.9 � � �
Parton shower and fragm. 0.1 � � � 7.4 � � �
t�t normalization 8.2 � � � 9.0 � � �
t�t EW virtual correction 1.9 � � � 4.2 � � �
t�t NLO scale variation 1.2 � � � 8.9 � � �
Wþjets bbþccþc vs light 1.7 � � � 1.1 � � �
Wþjets bb variation 1.3 � � � 1.1 � � �
Wþjets c variation 0.8 � � � 0.1 � � �
Wþjets normalization 1.3 � � � 1.5 � � �
Multijets norm, eþjets 1.7 � � � 0.4 � � �
Multijets norm, 	þjets 1.0 � � � 1.1 � � �
JES, small-radius jets 7.9 3.1 0.6 0.4

JESþ JMS, large-radius jets 0.2 4.7 17.3 2.8

Jet energy resolution 1.3 0.7 0.5 0.2

Jet vertex fraction 1.4 1.8 1.9 1.9

b-tag efficiency 3.8 7.9 6.1 3.7

c-tag efficiency 1.2 0.6 0.1 2.6

Mistag rate 1.0 0.3 0.6 0.1

Electron efficiency 0.6 0.7 0.5 0.5

Muon efficiency 0.9 0.9 0.6 0.6

All systematic effects 14.1 11.2 25.4 7.1
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added in quadrature to the normalization and factorization
scale uncertainty and found to give results consistent with
the NLOþNNLL calculation of Ref. [77] as implemented
in Top++ 1.0 [78]. A cross section uncertainty from vary-
ing the top quark mass by�1 GeV, added in quadrature to
the scale and PDFþ
S uncertainties, is also included.

The Wþjets normalization is varied within the uncer-
tainty, dominated by statistics, of the data-driven determi-
nation, corresponding to 12% (10%) for the resolved
selection in the eþjets (	þjets) channel and 19% (18%)
for the boosted selection in the eþjets (	þjets) channel.
Four variations of the flavor composition are considered,
including the statistical uncertainty on their data-driven
determination, the uncertainty on the extrapolation to dif-
ferent jet multiplicities, and the correlations between dif-
ferent flavor fractions, giving a change in theWþjets event
yield of about 10% per variation. The normalization un-
certainty on the multijet background is 60%, coming from
the difference between the matrix and jet-electron meth-
ods. The single top quark background uncertainty [38–40]
is 7.7%. The normalization uncertainty of the Zþjets
sample is 48%, estimated using Berends–Giele scaling
[48]. The diboson normalization uncertainty is 34%, which
is a combination of the PDF uncertainty and additional
uncertainties from each extra selected jet.

The preliminary estimate of the 2011 luminosity uncer-
tainty of 3.9% is used, based on the techniques explained in
Ref. [79], and is applied to the signal samples and all
backgrounds except multijets and Wþjets, which are
estimated from data.

The variation in the shape of the t�tmass spectrum due to
the next-to-leading-order scale variation is accounted for as
a mass-dependent scaling, obtained by varying the renor-
malization and factorization scales up and down by a factor
of 2 in MC@NLO, and normalizing to the nominal cross
section (described in Sec. III). The resulting uncertainties
range from 10% of the t�t background at low mt�t to 20%
at masses above 1 TeV. The PDF uncertainty on all
Monte Carlo samples is estimated by taking the envelope

of the MSTW2008NLO, NNPDF2.3 [80] and CT10 PDF
set uncertainties at 68% confidence level [81] following the
PDF4LHC recommendation [82] and normalizing to the
nominal cross section. The PDF uncertainty has a much
larger effect on the t�t mass spectrum in the boosted sample
than in the resolved sample, with variations in the number
of t�t events increasing from 5% at 1 TeV to over 50%
above 2 TeV, due primarily to the larger relative PDF
uncertainties in the higher-mass (higher partonic x) regime.
The effect on the total background from the PDF variations
is 4.7% (7.3%) after the resolved (boosted) selection.
One of the dominant uncertainties affecting recon-

structed physics objects is the jet energy scale (JES)
uncertainty, especially for large-radius jets [60,66], which
has an effect of 17% on the background yield in the
boosted selection. This uncertainty also includes variations
in the jet mass scale and the kt splitting scales within their
uncertainties [60]. The uncertainty is smaller for the
resolved selection, since the large-radius jets are only
used indirectly there, in the veto of events that pass the
boosted selection. For small-radius jets, the uncertainties in
the JES, the jet reconstruction efficiency, and the jet energy

TABLE III. Data and expected background event yields after
the resolved and boosted selections. The total systematic uncer-
tainty of the expected background yields is listed.

Type Resolved selection Boosted selection

t�t 44200� 7000 940� 260
Single top 3200� 500 50� 10
Multijets e 1600� 1000 8� 5
Multijets 	 1000� 600 19� 11
Wþjets 7000� 2200 90� 30
Zþjets 800� 500 11� 6
Dibosons 120� 50 0:9� 0:6

Total 58000� 8000 1120� 280

Data 61931 1078
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resolution are considered [57]. The b-tagging uncertainty
is modeled through simultaneous variations of the uncer-
tainties on the efficiency and rejection scale factors
[61,83]. An additional b-tagging uncertainty is applied
for high-momentum jets (pT > 200 GeV) to account for
uncertainties in the modeling of the track reconstruction in
dense environments with high track multiplicities [84].
The effect of uncertainties associated with the jet vertex
fraction is also considered.

The uncertainty on the Standard Model t�t background
due to uncertainties in the modeling of QCD initial- and
final-state radiation (ISR/FSR) is estimated using ACERMC

[36] plus PYTHIA Monte Carlo samples by varying the
PYTHIA ISR and FSR parameters while retaining consis-

tency with a previous ATLAS measurement of t�t produc-
tion with a veto on additional central jet activity [85]. The
magnitude of the variations comes from a measurement of
extra radiation in top quark events. Higher-order electro-
weak virtual corrections to the t�t mass spectrum have been
estimated in Ref. [86] and are used as an estimate of
the systematic uncertainty of the t�t Monte Carlo sample

normalization. The parton showering and fragmentation
uncertainty on the t�t background is estimated by compar-
ing the result from samples generated with POWHEG inter-
faced with PYTHIA or HERWIG for the parton showering and
hadronization.
For the Wþjets background, the uncertainty on the

shape of the mass distribution is estimated by varying
the parametrization of the renormalization and factoriza-
tion scales [41].
The shape uncertainty of the multijet background is

estimated by comparing the matrix method and the jet-
electron method, and its impact on the expected upper
cross section limit of the signal models (discussed in
Sec. X) is found to be negligible.
For the leptons, the uncertainties on the mini-isolation

efficiency, the single-lepton trigger, and the reconstruc-
tion efficiency are estimated using Z ! ee and Z ! 		
events. The difference between Z boson and t�t events is
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part of the mini-isolation uncertainty. Uncertainties on
the Emiss

T reconstruction, as well as on the energy scale
and energy resolution of the leptons are also considered,
and generally have a smaller impact on the yield and
the expected limits than the uncertainties mentioned
above.

In Table II, an overview of the effects of the dominant
systematic uncertainties on the background and signal
yields is given. Only the impact on the overall normaliza-
tion is shown in the table. Some of the systematic
uncertainties also have a significant dependence on the
reconstructed t�t mass and this is fully taken into account
in the analysis.

IX. COMPARISON OF DATA AND THE
STANDARD MODEL PREDICTION

After all event selection criteria are applied, 61931
resolved and 1078 boosted events remain. A total of
701 events pass both sets of selection criteria, and in the
analysis they are treated as boosted events. The event
yields from data and from the expected backgrounds for

4:7 fb�1 are listed in Table III, along with the total
systematic uncertainties, described in Sec. VIII.
Figures 4 and 5 show the transverse momentum of the

leading (small-radius) jet after the resolved selection and
the transverse momentum of the selected large-radius jet
after the boosted selection, respectively. In Figs. 6 and 7,
the reconstructed mass distributions of the semileptoni-
cally and hadronically decaying top quark candidates are
shown, using the boosted event selection. Figure 8 shows
the distribution of the first kt splitting scale of the selected
large-radius jet. In these figures, the diboson background
is too small to be visible. Good agreement is observed
between the data and the expected background.
The t�t invariant mass spectra for the resolved and the

boosted selections in the eþjets and 	þjets decay chan-
nels are shown in Fig. 9. Figure 10 shows the t�t invariant
mass spectrum for all channels added together. The data
agree with the Standard Model prediction within the
uncertainties. The slight shape mismatch between data
and the Standard Model prediction seen in Fig. 9, espe-
cially for the resolved selection, is fully covered by the
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total systematic uncertainties.
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uncertainties. Systematic uncertainties that tilt the shape in
this way include the t�t generator uncertainty, the small-
radius jet energy scale and resolution uncertainties, and the
ISR/FSR modeling.

X. RESULTS

After the reconstruction of the t�t mass spectra, the data
and expected background distributions are compared to
search for hints of phenomena associated with new physics
using BUMPHUNTER [87]. This is a hypothesis-testing tool
that uses pseudoexperiments to search for local excesses or
deficits in the data compared to the Standard Model pre-
diction in binned histograms, taking the look-elsewhere
effect into account over the full mass spectrum. The
Standard Model prediction is allowed to float within the
systematic uncertainties. After accounting for the system-
atic uncertainties, no significant deviation from the ex-
pected background is found. Upper limits are set on the
cross section times branching ratio of the Z0 and KK gluon
benchmark models using a Bayesian technique, imple-
mented in a tool developed by the D0 Collaboration [88].
The prior is taken to be constant in the signal cross section,
which in this case is an excellent approximation of the
reference prior that maximizes the amount of missing
information [89], as given in Ref. [90]. The Bayesian limits
are in good agreement with results obtained using the CLs

method [91,92]. For each of the models investigated,
95% C.L. upper limits are set on the product of production
cross section and branching ratio into t�t pairs.
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FIG. 9 (color online). The t�t invariant mass spectra for the two channels and the two selection methods. The shaded area indicates the
total systematic uncertainties.
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Figure 11 displays the upper limits on the cross section,
with systematic and statistical uncertainties, obtained from
the combination of the two selections for each of the
benchmark models. The numerical values of the upper
limits on the cross section are given in Table IV (Z0) and
Table V (gKK). The expected limits and uncertainty band
are obtained using pseudoexperiments based on Poisson
distributions for the number of entries in each bin. In the
combination, the four disjoint spectra are used, corre-
sponding to boosted and resolved selections, as well as
eþjets and 	þjets decay channels. Due to the improve-
ments in the analysis, the upper limits on the cross section
for a Z0 resonance at 1.6 TeVand a KK gluon resonance at
2.0 TeVare less than half the values that would be obtained
by a simple rescaling of the previous best high-mass
ATLAS limits [11] to account for the larger integrated
luminosity. Using the combined upper limits on the cross
section, a leptophobic topcolor Z0 boson (KK gluon) with
mass between 0.5 TeV and 1.74 TeV (0.7 TeV and
2.07 TeV) is excluded at 95% C.L.

XI. SUMMARY

A search for t�t resonances in the lepton plus jets decay
channel has been carried out with the ATLAS experiment
at the LHC. The search uses a data sample corresponding
to an integrated luminosity of 4:7 fb�1 of proton–proton
collisions at a center-of-mass energy of 7 TeV. The t�t
system is reconstructed in two different ways. For the
resolved selection, the hadronic top quark decay is recon-
structed as two or three R ¼ 0:4 jets, and for the boosted
selection, it is reconstructed as one R ¼ 1:0 jet. No excess
of events beyond the Standard Model predictions is
observed in the t�t invariant mass spectrum. Upper limits
on the cross section times branching ratio are set for two
benchmark models: a narrow Z0 resonance from Ref. [1]

TABLE V. Upper limits on the cross section times branching
ratio, at 95% C.L., for a Kaluza–Klein gluon decaying to t�t,
using the combination of all four samples. The observed and
expected limits for each mass point are given, as well as the�1�
variation of the expected limit.

Mass

[TeV]

Obs.

[pb]

Exp.

[pb]

Exp. �1�
[pb]

Exp. þ1�
[pb]

0.70 5.0 3.5 2.2 5.5

0.80 2.6 1.86 1.29 3.1

1.00 0.66 0.76 0.51 1.14

1.15 0.29 0.38 0.24 0.58

1.30 0.20 0.24 0.15 0.37

1.60 0.106 0.140 0.082 0.198

1.80 0.072 0.105 0.066 0.159

2.00 0.077 0.089 0.056 0.129

2.25 0.075 0.084 0.054 0.126

2.50 0.077 0.078 0.050 0.119
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FIG. 11 (color online). Observed and expected upper cross
section limits times the t�t branching ratio on (a) narrow Z0
resonances and (b) Kaluza–Klein gluons. The resolved and the
boosted selections have been combined in the estimation of the
limits. Systematic and statistical uncertainties are included.

TABLE IV. Upper limits on the cross section times branching
ratio, at 95% C.L., for a leptophobic topcolor Z0 decaying to t�t,
using the combination of all four samples. The observed and
expected limits for each mass point are given, as well as the�1�
variation of the expected limit.

Mass

[TeV]

Obs.

[pb]

Exp.

[pb]

Exp. �1�
[pb]

Exp. þ1�
[pb]

0.50 5.1 6.7 3.7 10.2

0.60 7.1 4.2 2.4 6.2

0.70 4.6 2.3 1.5 3.7

0.80 1.61 1.45 0.98 1.89

1.00 0.43 0.49 0.31 0.74

1.30 0.117 0.148 0.090 0.213

1.60 0.056 0.080 0.049 0.115

2.00 0.038 0.042 0.027 0.064

2.50 0.034 0.033 0.022 0.048

3.00 0.031 0.028 0.019 0.044
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and a broad Randall–Sundrum Kaluza–Klein gluon from
Ref. [5]. The 95% credibility upper limits on the cross
section times branching ratio for the narrow resonance
range from 5.1 pb at a resonance mass of 0.5 TeV to
0.03 pb at 3 TeV. The upper limits on the cross section
determined for the broad resonance are higher, 5.0 pb
(0.08 pb) at 0.7 (2.0) TeV. Based on these results, the
existence of a narrow leptophobic topcolor Z0 boson with
mass 0.5–1.74 TeV is excluded at 95% C.L. A broad
Kaluza–Klein gluon in the mass range 0.7–2.07 TeV is
also excluded at 95% C.L.
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Y. Hernández Jiménez,167 R. Herrberg,16 G. Herten,48 R. Hertenberger,98 L. Hervas,30 G. G. Hesketh,77

N. P. Hessey,105 R. Hickling,75 E. Higón-Rodriguez,167 J. C. Hill,28 K.H. Hiller,42 S. Hillert,21 S. J. Hillier,18

I. Hinchliffe,15 E. Hines,120 M. Hirose,116 F. Hirsch,43 D. Hirschbuehl,175 J. Hobbs,148 N. Hod,105

M.C. Hodgkinson,139 P. Hodgson,139 A. Hoecker,30 M. R. Hoeferkamp,103 J. Hoffman,40 D. Hoffmann,83

M. Hohlfeld,81 S. O. Holmgren,146a T. Holy,126 J. L. Holzbauer,88 T.M. Hong,120 L. Hooft van Huysduynen,108

J-Y. Hostachy,55 S. Hou,151 A. Hoummada,135a J. Howard,118 J. Howarth,82 M. Hrabovsky,113 I. Hristova,16

J. Hrivnac,115 T. Hryn’ova,5 P. J. Hsu,81 S.-C. Hsu,138 D. Hu,35 Z. Hubacek,30 F. Hubaut,83 F. Huegging,21

A. Huettmann,42 T. B. Huffman,118 E.W. Hughes,35 G. Hughes,71 M. Huhtinen,30 T. A. Hülsing,81 M. Hurwitz,15

N. Huseynov,64,q J. Huston,88 J. Huth,57 G. Iacobucci,49 G. Iakovidis,10 M. Ibbotson,82 I. Ibragimov,141

L. Iconomidou-Fayard,115 J. Idarraga,115 P. Iengo,102a O. Igonkina,105 Y. Ikegami,65 K. Ikematsu,141 M. Ikeno,65

D. Iliadis,154 N. Ilic,158 T. Ince,99 P. Ioannou,9 M. Iodice,134a K. Iordanidou,9 V. Ippolito,132a,132b A. Irles Quiles,167

C. Isaksson,166 M. Ishino,67 M. Ishitsuka,157 R. Ishmukhametov,109 C. Issever,118 S. Istin,19a A. V. Ivashin,128

W. Iwanski,39 H. Iwasaki,65 J.M. Izen,41 V. Izzo,102a B. Jackson,120 J. N. Jackson,73 P. Jackson,1 M.R. Jaekel,30

V. Jain,2 K. Jakobs,48 S. Jakobsen,36 T. Jakoubek,125 J. Jakubek,126 D.O. Jamin,151 D.K. Jana,111 E. Jansen,77

H. Jansen,30 J. Janssen,21 A. Jantsch,99 M. Janus,48 R. C. Jared,173 G. Jarlskog,79 L. Jeanty,57 G.-Y. Jeng,150

I. Jen-La Plante,31 D. Jennens,86 P. Jenni,30 C. Jeske,170 P. Jež,36 S. Jézéquel,5 M.K. Jha,20a H. Ji,173 W. Ji,81 J. Jia,148
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E. Torrence,114 H. Torres,78 E. Torró Pastor,167 J. Toth,83,ee F. Touchard,83 D. R. Tovey,139 H. L. Tran,115

T. Trefzger,174 L. Tremblet,30 A. Tricoli,30 I.M. Trigger,159a S. Trincaz-Duvoid,78 M. F. Tripiana,70 N. Triplett,25
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90B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of Belarus

91National Scientific and Educational Centre for Particle and High Energy Physics, Minsk, Republic of Belarus
92Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

93Group of Particle Physics, University of Montreal, Montreal, Quebec City, Canada
94P.N. Lebedev Institute of Physics, Academy of Sciences, Moscow, Russia

95Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
96Moscow Engineering and Physics Institute (MEPhI), Moscow, Russia

97D. V. Skobeltsyn Institute of Nuclear Physics, M. V. Lomonosov Moscow State University, Moscow, Russia
98Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
99Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany

100Nagasaki Institute of Applied Science, Nagasaki, Japan
101Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan

102aINFN Sezione di Napoli, Italy
102bDipartimento di Scienze Fisiche, Università di Napoli, Napoli, Italy

103Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico, USA
104Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen, Netherlands

105Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
106Department of Physics, Northern Illinois University, DeKalb, Illinois, USA

107Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
108Department of Physics, New York University, New York, New York, USA

109Ohio State University, Columbus, Ohio, USA
110Faculty of Science, Okayama University, Okayama, Japan

111Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, Oklahoma, USA
112Department of Physics, Oklahoma State University, Stillwater Oklahoma, USA
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zAlso at DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay (Commissariat à l’Energie
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