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A search is presented for the pair production of a fourth-generation up-type t′ quark
in proton-proton collisions at

√
s = 7 TeV using data collected by the Compact Muon

Solenoid (CMS) experiment. The t′ quark is assumed to decay exclusively to a W
boson and a b quark. The search is carried out using events with a single isolated
electron or muon, large missing transverse momentum, and at least four jets with
large transverse momenta, one of which is identified as originating from the frag-
mentation of a b quark. The data correspond to an integrated luminosity of 4.6 fb−1

for the µ+jets channel and 4.7 fb−1 for the e+jets channel. No significant excess of
events over standard model expectations is observed. Assuming the strong pair pro-
duction of t′ quarks, t′ quark masses below 560 GeV are excluded at 95% confidence
level.
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1 Introduction
The standard model (SM) contains three generations of fermions [1–3]. It is natural to ask
whether there could be more than three. Experimental constraints require the corresponding
neutrino to be massive, heavier than half the mass of the Z boson [4], and the masses of the
quarks to be greater than 358 GeV [5, 6]. The existence of a fourth generation is consistent with
precision electroweak data and would increase the upper limit on the mass of the Higgs boson,
derived from precision electroweak measurements, to ∼500 GeV [7]. Results from precision
electroweak measurements imply that the mass splitting between the up-type t′ quark and the
down-type b′ quark of a fourth generation must be smaller than the mass of the W boson [8–
10]. Thus, the t′ quark cannot decay to W + b′. Assuming mixing between the three known
generations and the fourth generation, the dominant decay mode of the t′ quark is therefore
likely to be a W boson plus a b quark.

A search is presented for the strong pair production of a t′ quark and its antiparticle, both
decaying into a W boson and a b or b̄ quark. One of the W bosons is assumed to decay to
leptons (eν or µν) and the other to a quark-antiquark pair. The branching fraction into final
states with at least one lepton is about 15% for electrons as well as for muons. Events are
selected with a single charged lepton, missing transverse momentum, and at least four jets
with high transverse momenta (pT). This signature is not limited to quarks of a chiral fourth
generation. Vector-like quarks, predicted by many physics models beyond the SM [11, 12],
could give rise to the same final state.

There are also SM processes that give rise to the same signature, most notably tt and W+jets
production. The present search concentrates on a t′ quark with a mass larger than the SM top
quark. A kinematic fit to the t′ t̄′ →WbWb̄→ `νbqq̄b̄ hypothesis is performed to assign the
reconstructed objects to the decay products of the t′ quark pair and to estimate the t′ quark
mass. Two variables are used to distinguish between signal and background. The first is the
variable HT, defined as the scalar sum of the transverse momenta of the lepton and four jets,
and the missing transverse momentum. The second is the t′ quark mass M f it obtained from the
kinematic fit. The two-dimensional distribution of HT versus M f it is tested for the presence of
t′ t̄′ production in the data.

Events with an identified electron (muon) are classified as e+jets (µ+jets) events. The analysis
procedures in the two channels are kept as similar as possible with small differences mainly
driven by different trigger conditions. Finally, the results from both channels are combined
statistically.

2 CMS Detector and Data Samples
CMS uses a polar coordinate system, with the z axis coinciding with the axis of symmetry of the
CMS detector, and oriented in the counterclockwise proton beam direction. The x axis points
towards the center of the LHC ring and the y axis points up. The polar angle θ is defined with
respect to the positive z axis and φ is the corresponding azimuthal angle. Transverse energy is
defined as energy times sin θ and pseudorapidity is defined as η = − ln[tan( θ

2 )].

The characteristic feature of the CMS detector is the superconducting solenoid, 6 m in diameter
and 13 m in length, which provides an axial magnetic field of 3.8 T. Inside the solenoid are
located a multi-layered silicon pixel and strip tracker covering the pseudorapidity region |η| <
2.5 to measure the trajectories of charged particles, an electromagnetic calorimeter (ECAL) cov-
ering |η| < 3.0 made of lead tungstate crystals and a preshower detector covering 1.65 < |η| <
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2.6 to measure electrons and photons, and a hadronic calorimeter (HCAL) made of brass and
scintillators covering |η| < 3.0 to measure jets. Muons are measured with gas detectors em-
bedded in the return yoke of the solenoid and covering |η| < 2.4 and with the inner tracking
detector. The CMS detector is nearly hermetic, allowing for momentum balance measurements
in the plane transverse to the beam direction. A detailed description of the CMS detector can
be found elsewhere [13].

The data used in this analysis were recorded during 2011 by the CMS experiment at the Large
Hadron Collider, which delivered proton-proton collisions at

√
s = 7 TeV. The data analyzed

correspond to an integrated luminosity of 4.7 fb−1 for the e+jets channel and 4.6 fb−1 for the
µ+jets channel. The e+jets data were acquired with triggers that required at least one electron
candidate with thresholds in pT between 25 and 32 GeV. When the luminosity increased, three
central jets with pT > 30 GeV and |η| < 2.6 were also required. The data analyzed for the
µ+jets channel were acquired with triggers that required at least one muon candidate with a
pT threshold between 30 and 40 GeV. No requirements were made on jets or missing pT in the
triggers for the µ+jets events.

The following SM background processes are modeled using Monte Carlo (MC) simulations: tt
production, single t quark production via the tW, s-channel and t-channel processes, W+jets,
Z+jets, WW, WZ, and ZZ production (diboson production is denoted as VV on figures). All of
these processes, except the dominant tt production, are collectively referred to as electroweak
background. The simulated t′ t̄′ signal events are generated for t′ masses of 400–625 GeV in
25 GeV steps.

For single t quark production, the POWHEG [14–16] event generator is used and for all other pro-
cesses, the MADEVENT/MADGRAPH [17] event generator. In both cases PYTHIA [18] simulates
additional radiation, and fragments and hadronizes the quarks and gluons into jets. The gener-
ated events are processed through the CMS detector simulation based on GEANT4 [19]. Up to 20
minimum-bias events generated with PYTHIA are superimposed on the hard-scattering events
to simulate multiple collisions within the same beam crossing. The MC events are weighted to
reproduce the distribution of the number of vertices in the data.

In addition, multijet events that can mimic the signature of the signal events are generated
using PYTHIA. Although the cross section for multijet events is large only few events remain
after the selection criteria.

The MC samples for the t′ t̄′ signal correspond to between 100 and 2500 fb−1, the tt sample to
22 fb−1, and the W+jets sample to 2.5 fb−1.

3 Event Reconstruction
Events are reconstructed using the particle-flow algorithm [20] that aims to reconstruct all sta-
ble particles in an event by combining information from all subdetectors: charged tracks in the
tracker and energy deposits in the electromagnetic and hadronic calorimeters, as well as signals
in the preshower detector and the muon system. This procedure categorizes all particles into
five types: muons, electrons, photons, charged and neutral hadrons. The energy calibration is
performed separately for each particle type.

Electron candidates are reconstructed from clusters of energy deposited in the electromagnetic
calorimeter. The clusters are first matched to track seeds in the pixel detector. Then, the electron
candidate’s trajectory is reconstructed using a dedicated modeling of the electron energy loss
and is fitted with a Gaussian sum filter (GSF) algorithm [21]. Finally, the particle-flow algorithm
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further distinguishes electrons from charged pions using a multivariate approach [20].

Muon candidates are identified by multiple reconstruction algorithms using hits in the silicon
tracker and signals in the muon system. The stand-alone muon algorithm uses only informa-
tion from the muon chambers. The tracker muon algorithm starts from tracks found in the
tracker and then associates them with matching signals in the muon chambers. The global
muon algorithm starts from stand-alone muons and then performs a global fit to consistent
hits in the tracker and the muon system.

Jets are reconstructed by the anti-kT jet clustering algorithm [22] with the distance parameter
R = 0.5, as implemented in FASTJET version 2.4 [23–25], from all particles found by the particle-
flow algorithm. Most jet constituents are identified and reconstructed with nearly the correct
energy by the particle-flow algorithm. However, small corrections of the jet energy scale as
function of pT and η are applied to each jet.

The vertex with the highest sum of squared pT of all associated tracks is taken as the hard
collision primary vertex.

Jets identified as originating from a b quark by the combined secondary vertex (CSV) algo-
rithm [26] are called b-tagged. It provides optimal b-tagging performance by combining in-
formation about impact parameter significance, the secondary vertex, and jet kinematics. The
variables are combined using a likelihood ratio technique to compute the b-tag discriminator.
The residual differences in the performance of the b-tagging algorithm in data and MC are ac-
counted for by data/MC scale factors. This is done by randomly removing or adding b-tags on
a jet-by-jet basis, using the pT and η dependent scale factors discussed in [26].

The missing transverse momentum in an event is defined as the magnitude of the vector sum
of the transverse momenta of all objects from the particle-flow algorithm.

4 Event Selection
For this analysis, the event selection is inspired by the selection for tt events in the lepton+jets
channel [27]. To reduce the background from tt production, higher jet pT requirements are
applied.

Charged leptons from W boson decays, originating from decays of heavy top-like objects, are
expected to be isolated from nearby jets. Therefore, the relative isolation is used to check se-
lected leptons in this respect. It is calculated as a sum of the pT of charged hadrons, neutral
hadrons and photons in a cone of ∆R =

√
(∆φ)2 + (∆η)2 < 0.3 around the lepton, divided by

the lepton pT, where ∆φ and ∆η are the azimuth and pseudorapidity differences with respect
to the lepton direction.

Events with exactly one isolated lepton and at least four jets with |η| < 2.4 are selected. Jets that
are within a cone of ∆R < 0.3 of the lepton direction are not considered. At least one jet must
be identified as originating from a b quark. The thresholds for the lepton pT are driven by the
trigger requirements described in Section 2. The lepton track must have an impact parameter
transverse to the beam direction with respect to the primary vertex of less than 0.02 cm and less
than 1 cm along the beam direction. Missing pT in the event must be greater than 20 GeV.

The selection for the e+jets channel requires exactly one electron with pT > 35 GeV and |η| <
2.5, relative electron isolation < 0.1, and at least four jets with pT > 120, 90, 50, 35 GeV. The
selection for the µ+jets channel requires exactly one muon with pT > 35 GeV or pT > 42 GeV
for two running periods with different trigger conditions, |η| < 2.1, and relative muon isolation
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< 0.125, and at least four jets with pT > 120, 90, 30, 30 GeV. The thresholds for the two leading
jet pTs were selected to maximize the signal-to-background ratio. The thresholds for the lepton
pT and the third and fourth jets are driven by the trigger conditions.

Table 1 lists the number of events observed and those expected for the various background
sources after selection. The cross section for tt production is taken from Ref. [28]. All other cross
sections are computed with Monte Carlo for FeMtobarn processes (MCFM) [29]. The expected
number of background events are calculated from the cross section and integrated luminosities
given in the table. In the case of the e+jets channel, the background from WW,WZ, and ZZ
production are found to be negligible. The contribution of multijet backgrounds is estimated
by a data driven method to be twice as big than predicted by the simulation. The fraction of tt
events retained by our selection is 0.7% for the µ+jets channel and 0.5% for the e+jets channel.

Table 2 shows the cross sections for the signal process for various t′ quark masses, along with
the efficiency of the event selections in the e+jets and µ+jets channels. The efficiencies include
the branching fraction of the t′ quark decay into the corresponding channel. The t′ t̄′ production
cross sections are computed using HATHOR [30].

Table 1: Background cross sections, observed data, and expected number of background events
for the e+jets and µ+jets samples. The uncertainties quoted are the statistical uncertainties from
the MC simulations.

e+jets events µ+jets events
L 4683 pb−1 4601 pb−1

data 4734 6448
background process cross section
tt̄ 165.8 pb 4000± 33 5536± 45
single t 33 pb 196± 3 316± 5
W+jets 30 µb 434± 13 709± 48
Z+jets 2.9 µb 46± 5 51± 6
WW,WZ,ZZ 67 pb − 14± 1
multijets 73± 3 5± 5
total background 4749± 36 6631± 67

5 Mass Reconstruction
The largest background for the t′ t̄′ signal is from tt production. Both processes produce the
same final states, but the t and t′ quarks have different masses, and therefore the decay kine-
matics can be used to discriminate between the two processes statistically. The t′ mass recon-
struction is described below.

There are two steps in the t′ mass reconstruction: the assignment of reconstructed objects to
the quarks, and the kinematic fit to improve the resolution of the reconstructed mass of the t′

quark candidates. Assuming the production of a t′ t̄′ pair, with the decay chain t′ t̄′ → WbWb̄,
W→ `ν and W→ qq̄, the momenta resulting from the fit of the particles in the final state must
satisfy the following three constraints with M f it a free parameter that is optimized in the fit:
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Table 2: Theoretical cross sections and selection efficiencies for the t′ t̄′ signal with different t′

masses in the e+jets and µ+jets channels. The efficiencies include the branching fraction of
about 15% for the e+jets or the µ+jets channel.

Mt′ (GeV) cross section (pb) [30] e+jets eff. (%) µ+jets eff. (%)
400 1.41 4.3± 0.1 5.4± 0.1
425 0.96 4.4± 0.1 5.6± 0.1
450 0.66 4.7± 0.1 6.0± 0.1
475 0.46 4.7± 0.1 6.1± 0.1
500 0.33 4.8± 0.1 6.2± 0.1
525 0.24 4.7± 0.1 6.4± 0.1
550 0.17 4.9± 0.1 6.5± 0.1
575 0.13 4.7± 0.1 6.6± 0.1
600 0.092 4.7± 0.1 6.6± 0.1
625 0.069 4.8± 0.1 6.5± 0.1

m(`ν) = MW , (1)
m(qq̄) = MW , (2)

m(`νb) = m(qq̄b) = M f it. (3)

The reconstructed objects in the event are the charged lepton, the missing transverse momen-
tum vector, and four or more jets. The momentum of the charged lepton is measured. For the
neutrino only the transverse momentum is measured by the missing transverse momentum in
the event. The longitudinal component of the neutrino momentum cannot be measured, but its
value can be determined from the kinematic constraints with a two-fold ambiguity. The four
quarks in the final state manifest themselves as jets and their momenta can be measured. Thus,
all but one of the momentum components of the final state are measured. With one unknown
and three constraints, a kinematic fit is performed by minimizing the χ2 computed from the
difference between the measured momenta of all final-state particles and their fitted values,
divided by the measurement uncertainty, satisfying the kinematic constraints listed above.

A study to evaluate the performance of the mass reconstruction procedure was carried out. It
was shown that using up to five leading jets, when available, results in a higher percentage of
correct assignments of reconstructed jets to generated quarks and a better separation between
the t′ t̄′ quark signal and the tt̄ background. Thus, in events with exactly four jets, all permuta-
tions of jet-quark assignments are considered, subject to the condition that at least one b-tagged
jet must be assigned to a b quark. In events with more than four jets, the five jets that have the
highest pT are used. All combinations of four jets are considered that contain at least one jet
with a b tag, and for each combination all permutations are considered, subject to the condition
that at least one b-tagged jet must be assigned to a b quark. In each event, the kinematic fit is
carried out for every allowed jet-quark assignment. The jet-quark assignment with the smallest
value of χ2 is chosen to reconstruct the event and the value of M f it for this assignment is used
as the estimator for the t′ quark mass. In order to maintain maximum efficiency for the t′ t̄′
signal, no selection is applied on the value of χ2.

Figures 1 and 2 show the M f it and HT distributions for the e+jets and µ+jets channels. The
tt events that pass the selection criteria either have high-pT t and t̄ quarks that produce high-
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momentum jets in their decay or they have high-pT jets from initial-state radiation. The former
class of events is responsible for the relatively narrow peak in the M f it distribution at the t
quark mass. The M f it distribution of the latter class of events is broad and typically populates
the region above the t-quark mass, leading to the observed high-mass tail in the M f it distribu-
tion.
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Figure 1: Distribution of M f it observed (points) and simulated for backgrounds (shaded his-
tograms) and for the t′ signal (dashed histogram) with Mt′ = 550 GeV) in the e+jets (left) and
µ+jets (right) channels. The signal distribution is multiplied by a factor 20 for clarity.
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Figure 2: Distribution of HT observed (points) and simulated for backgrounds (shaded his-
tograms) and for the t′ signal (dashed histogram) with Mt′ = 550 GeV) in the e+jets (left) and
µ+jets (right) channels. The signal distribution is multiplied by a factor 20 for clarity.

6 Limit Computation
The distributions of M f it and HT of the selected events are shown in Fig. 1 and 2 for the e+jets
and µ+jets channels. The corresponding two-dimensional distributions of HT vs. M f it are used
to search for a t′ t̄′ signal in the data. The input distributions are shown in Fig. 3 and 4.

The SM background has two main components. The largest contribution is from tt production.
Other electroweak processes (W+jets, Z+jets, single-t, and diboson production) also contribute
to the final sample, although this contribution is suppressed by requiring at least one b-tagged
jet in the event. A third component arises from multijet production for which the number of
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Figure 3: Histograms of HT versus M f it for the e+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t′ t̄′ production for Mt′ = 550 GeV.
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Figure 4: Histograms of HT versus M f it for the µ+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t′ t̄′ production for Mt′ = 550 GeV.
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events is small. They are added to the electroweak backgrounds according to their expected
yield.

The computation of the t′ t̄′ cross section limit is performed using templates produced from
data and MC simulation. The number of generated MC events is not sufficient to populate all
the bins of the HT vs M f it histograms adequately. Bins in the background or signal templates
that remain empty because of limited MC sample size, even though they have a small but finite
probability to be occupied, could lead to incorrect statistical inferences.

Therefore, the following algorithm is employed to combine bins with inadequate statistics.
First all background templates are added to obtain the expected background event yield in each
bin. Then the projections of the signal and the background templates onto the HT and M f it axes
are fitted with an analytic function. Bins in both signal and background templates are sorted in
decreasing order of the signal/background ratio, computed as the product of the fits to the two
projections, evaluated at the HT and M f it values that correspond to the bin center. Sorting bins
by signal/background ratio before combining them minimizes the loss of sensitivity from the
rebinning procedure. The expected signal/background ratio is not determined directly from
the number of MC events in each bin, but from analytical fits to the projections of the templates
onto the HT and M f it axes. In this way possible biases in the signal/background ordering due
to statistical fluctuations in the signal and background templates are avoided. Finally, adjacent
bins in the ordered templates are merged until the fractional statistical uncertainty in the event
yield in the combined bin is below 20% for both signal and background templates. Figure 5
shows the maps of the merged bins obtained for the 550 GeV t′ quark mass hypothesis. Figure 6
shows the observed number of events in each bin compared to the signal and background
expectations.

The computation for the t′ t̄′ cross section limit uses the CLs method [31, 32]. The following
likelihood ratio is used as test statistic:

t(x|σ) =
{

L(x|σ, α̂σ)/L(x|σ̂, α̂) if σ > σ̂

1 if σ ≤ σ̂.
(4)

Here, L(x|σ, α) is the likelihood of the data having the value x for the parameter of interest, the
t′ t̄′ signal cross section σ, and the nuisance parameters α. The nuisance parameters parametrize
effects that give rise to systematic uncertainties in the templates. They are discussed in the
following Section. The likelihood reaches its maximum when σ = σ̂ and α = α̂. The symbol α̂σ

refers to the values of the nuisance parameters α that maximize the conditional likelihood at a
given value of σ.

Using the asymptotic approximation for the test statistic described in [33], the probability to
observe a value for the likelihood ratio L that is larger than the observed value Lobs is deter-
mined. For the pseudo-experiments generated with background only, this probability is de-
noted by CLb. For pseudo-experiments with a signal cross section σ, this probability is denoted
by CLs+b(σ), which is a function of σ. The 95% confidence level (CL) upper limit for the t′ t̄′
signal cross section is the value of σ for which

CLs =
CLs+b

CLb
= 0.05. (5)

The combination of the two channels is performed by simultaneously fitting the histograms
from both channels and then applying the CLs method described above.
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Figure 5: Map of the merged bins for the 550 GeV t′ quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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7 Systematic Uncertainties
Systematic uncertainties influence the signal and background predictions of the discriminat-
ing distribution M f it vs. HT, used to test whether the observed events are consistent with the
signal-plus-background or the background-only hypothesis. Below, all sources of systematic
uncertainties are described that have been considered. They can be divided into two types: un-
certainties that only impact the normalization of the HT vs. M f it distributions (normalization
uncertainties), and uncertainties that also affect the shape of the distributions (shape uncertain-
ties).

7.1 Normalization Uncertainties

The normalization uncertainties include the total tt cross section, electroweak and multijet
background normalization, integrated luminosity, lepton efficiencies and data to MC scale fac-
tors.

The cross section for tt production has been measured by CMS to be 165.8± 13.3 pb [28]. As
the luminosity uncertainty is the same for this analysis and the tt cross section measurement,
only the additional uncertainty of 6.6% is taken into account in the limit calculation.

The electroweak and multijet backgrounds are constrained to the yields predicted by the cross
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sections from MCFM. A 50% uncertainty is assigned to the sum of all backgrounds. Thus, its
absolute normalization is mainly determined from the fit to the data.

The integrated luminosity affects the normalization of the t′ t̄′ signal and the background tem-
plates in a correlated way. The integrated luminosity is known to a precision of 4.5% [34].

Trigger efficiencies and lepton identification data/MC scale factors are obtained from data-
driven techniques using decays of Z bosons to dileptons. Their uncertainties are included in
the selection efficiency uncertainty. They amount to 2% for the µ+jets channel and 3% for the
e+jets channel.

7.2 Shape Uncertainties

The shape uncertainties are due to the jet energy scale, jet energy resolution, resolution in miss-
ing pT, b-tagging, multiple interactions, factorization/normalization scale Q, matrix element -
parton shower matching threshold [35] and initial- and final-state radiation.

The energy of all jets is corrected by the standard CMS jet energy calibration constants [36].
Since the sum of the four-momenta of the jets is 100% correlated with the measured missing
pT, the missing pT also changes. The jet energy scale uncertainty affects the normalization and
the shape of the HT vs. M f it distribution. This is accounted for by generating the HT vs. M f it
distributions for values of the jet energy scaled up or down by one standard deviation of the η-
and pT-dependent uncertainties from [36]. Thus, this uncertainty is incorporated into the cross-
section limit calculation by assigning a bin content uncertainty to the HT vs. M f it distribution
that is derived from the HT vs. M f it histograms found from scaling up or down the jet energy.

The energy resolution of jets in the simulation is better than in the data. Therefore smearing
is applied to the jet energies to increase the resolution by 10%, to match the resolution of the
detector. To account for the uncertainty in this correction, two operating points are created: no
additional resolution correction and 20% resolution correction. The missing pT resolution is
also simultaneously corrected for this effect.

The missing-pT resolution has contributions already accounted for with the jet energy scale
and the jet energy resolution discussed above. In addition, there are two sources of systematic
uncertainty, lepton momentum resolution and unclustered energy.

The systematic uncertainties in the b-tagging efficiency is estimated by varying the b-tagging
efficiency by ±1 standard deviation taken from [26].

To evaluate the uncertainties related to the modeling of multiple interactions in the same beam
crossing, the number of interactions in the data is varied by 8%.

The uncertainty in the factorization/normalization scale Q, used for the strong coupling con-
stant αs(Q2), is estimated by using two sets of tt MC samples in which the scale Q is increased
and decreased by factors of two relative to its nominal value.

The uncertainty arising from the matrix element - parton shower matching threshold is esti-
mated using two tt MC samples, generated with matching threshold varied up and down by a
factor of two from its default value.

The impact of initial- and final-state radiation is estimated using a high-statistics tt MC sample
generated with POWHEG.
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7.3 Uncertainties Accounted for in the Limit Calculations

The effects of the systematic uncertainties on the expected cross section limits are estimated by
adding them to the calculation one at a time. The largest effects on the expected cross section
limits come from the normalizations of the electroweak background and the jet energy scale
calibration. The normalization of the tt̄ background also has a significant effect on the limits.
The lepton efficiency uncertainties and the other shape uncertainties all change the expected
limits by very small amounts. Therefore the following uncertainties are considered in the limit
calculation by assigning nuisance parameters to them: integrated luminosity, normalization
of the electroweak and tt̄ backgrounds, lepton efficiency, jet energy scale and parton-shower
matching threshold. The effect of any of the other uncertainties studied is negligible when
added to this list.

8 Results
Figure 7 shows the observed and expected 95% CL upper limit on the t′ t̄′ cross section for
the µ+jets channel (top), the e+jets channel (middle), and the combination of both channels
(bottom). The upper limit for the t′ quark mass is given by the value at which the observed
upper limit curve for the t′ t̄′ cross section crosses the theoretical curve. In the µ+jets channel
this happens for the 95% CL observed (expected) limits for t′ quark masses of 550 (550) GeV.
In the e+jets channel the corresponding t′ quark mass values are 485 (530) GeV. The combined
observed (expected) limits from both channels are 560 (580) GeV.

9 Summary
The CMS experiment has performed a search for the production of up-type fourth-generation
t′ t̄′ quark pairs, where each quark decays exclusively to Wb, and one of the W decays to lep-
tons and the other to a quark-antiquark pair. Events are selected with an electron or a muon,
significant missing transverse momentum, and at least four jets of which one is identified as a
b jet. A kinematic fit assuming t′ t̄′ production is performed and for every event a candidate t′

quark mass and the sum over the transverse momenta of all decay products of the t′ t̄′ system
are reconstructed. No significant deviations from standard model expectations are found in
this two-dimensional distribution and upper limits are set on the production cross section of
such t′ quarks as a function of their mass. By comparing with the predicted cross section for
t′ t̄′ production, the strong pair production of t′ quarks can be excluded at 95% CL for masses
below 560 GeV under the model assumptions used in this analysis.
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Figure 7: The observed (solid line with points) and the expected (dotted line) 95% CL upper
limits on the t′ t̄′ production cross section as a function of the t′ quark mass for µ+jets (top),
e+jets (middle) and combined (bottom) analyses. The ±1 and ±2 standard deviation ranges
on the expected limit are shown by the bands. The theoretical cross section is shown by the
continuous line without points.
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