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with One Lepton and Hadronically Decaying W Bosons

G. Aad et al.*

(ATLAS Collaboration)
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This Letter presents a search for pair production of heavy down-type quarks decaying via b’ — Wr in
the lepton + jets channel, as b'b' — W tW f— bbW W~ W W~ — [*vbbgGqgqg. In addition to
requiring exactly one lepton, large missing transverse momentum, and at least six jets, the invariant mass
of nearby jet pairs is used to identify high transverse momentum W bosons. In data corresponding to an
integrated luminosity of 1.04 fb~! from pp collisions at /s = 7 TeV recorded with the ATLAS detector,
a heavy down-type quark with mass less than 480 GeV can be excluded at the 95% confidence level.

DOI: 10.1103/PhysRevLett.109.032001

A fourth generation of chiral quarks is a natural exten-
sion to the standard Model (SM). It can explain some
discrepancies observed in meson-mixing data and can
provide an additional source of CP violation in B decays.
A review of theoretical and experimental motivations for a
fourth generation of quarks can be found in Refs. [1,2].

This Letter presents a search for a fourth generation
down-type quark, b'. If b’ is chiral and its mass is larger
than m, + myy,, then it decays predominantly as b’ — Wt —
WWb. Pair production of b’ quarks leads therefore to four
W bosons and two b quarks in the final state. This analysis
applies more broadly to any heavy quarks that decay into a
W boson and a ¢ quark, though the fourth generation b’
model is chosen as the benchmark. The previous limit in the
single lepton channel is m; > 372 GeV from CDF, based
on 4.8 fb~! of data [3]. Searches using two or more high pr
leptons in the final state have also been done at the Tevatron
[4] and at the Large Hadron Collider (LHC) [5-7] with
comparable sensitivity.

In the decay mode studied here, one of the four W
bosons decays leptonically and the others decay hadroni-
cally. This lepton + jets channel has more SM background
than the mode with two W bosons decaying leptonically,
but significantly larger acceptance. If the mass difference
between the b’ quark and the top quark is large, the
momentum of the W boson from the 4’ — Wt decay is
also large, and the W boson decay products become colli-
mated. At the mass scales relevant to this search, the two
quarks from the hadronic W decay give rise to two jets
close to each other but still resolvable in the detector as
separate jets. The angle between the decay products is
related to the transverse momentum (p) of the W boson

*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 DOL

0031-9007/12/109(3)/032001(19)

032001-1

PACS numbers: 13.85.Rm, 12.60.—i, 14.65.Jk

by AR = 2my,/p¥ [8]. To distinguish the b’ signature
from the SM backgrounds, the number of jet pairs with
small opening angle and invariant mass close to the W
boson mass is therefore used.

The major challenge for the lepton + jets mode is the
estimation of the SM background. The dominant source is
tf production with additional jets, while W + jets is the
next most important contribution. The significant theoreti-
cal uncertainty in the level of gluon radiation affects the
prediction of these backgrounds. As the signal is distin-
guished from the background largely by the kinematic
properties of the jets, there are also significant experimen-
tal uncertainties due to the energy scale and resolution of
the jet energy measurements. Most of these uncertainties
can be reduced by examining signal-depleted samples
which are sensitive to them. Other backgrounds include
single top, Z + jets where a lepton is not detected, and
multijet production in which a jet is misidentified as a
lepton.

The data for this search were recorded with the ATLAS
detector [9]. The momenta of charged particles with pseu-
dorapidity |n| < 2.5 are measured with the inner detector
(ID), which includes a silicon pixel detector, a silicon
microstrip detector, and a straw-tube detector, all operating
in a uniform 2 T axial magnetic field. Electromagnetic
(EM) calorimetry is provided by a high-granularity,
three-layer-depth sampling liquid argon detector in the
region |n| < 3.2. Jet reconstruction also uses hadronic
calorimetry provided by a scintillating tile detector with
iron absorbers in the region || < 1.7, and liquid argon
detectors over 1.5 < |y| <4.9. The muon spectrometer
(MS) includes tracking chambers for precision measure-
ment in the bending plane up to || = 2.7 and fast trigger
chambers up to || = 2.4. The trigger chambers measure
also the coordinate in the nonbending plane. The muon
detectors operate in a magnetic field generated by three
superconducting air-core toroids.

The events used in this analysis were selected using
inclusive single electron and muon triggers [10]. Electron

© 2012 CERN, for the ATLAS Collaboration
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candidates are identified by localized energy deposits in
the EM calorimeter with transverse energy Et > 20 GeV
and |n| < 2.47. The energy cluster must satisfy shower-
shape requirements [11] and should be matched with a
track reconstructed in the ID. Muon candidates must
have transverse momentum pp > 18 GeV, || < 2.4, and
a consistent trajectory reconstructed by combining seg-
ments in the ID and MS.

The data used in this search were collected in the first
half of 2011, and correspond to a total integrated luminos-
ity of 1.04 = 0.04 fb~!. During this period, the average
number of collisions per bunch crossing was six. The event
reconstruction is affected by collisions during the same
bunch crossing as the selected event (in-time pileup) and,
to a lesser extent, collisions during adjacent bunch cross-
ings, within the time the detectors are sensitive for each
trigger (out-of-time pileup). The simulation takes both
kinds of pileup into account.

The signal and SM backgrounds are modeled using a
variety of generators. Pair-production of b’ quarks decay-
ing to Wt with subsequent showering and hadronization is
generated with PYTHIA [12] using the MRST2007 LO*
parton distribution function (PDF) set [13]. Seven samples
with m, masses ranging from 300 to 600 GeV are used.
The cross section for each b’ mass is calculated at approxi-
mate next-to-next-to-leading order (NNLO) using HATHOR
[14]. For a b' quark with a mass of 350 GeV, the cross
section is 3.207019*012 pb, where the first uncertainty
comes from varying the renormalization and factorization
scales by a factor of 2, and the second one from the
PDFs. For a 500 GeV b’ quark, the cross section is
0.33%50 501 pb.

Top quark pair production is modeled using ALPGEN [15]
where hard emission of up to three partons is described
using QCD matrix elements, HERWIG [16] is used to model
the parton shower, and JIMMY [17] describes multiple
parton interactions. The rate of top quark production pre-
dicted by the simulation is validated with data using an
event sample with three, four, or five jets, where little or no
b’ signal is expected.

Production of a W or Z boson in association with many
jets is described in ALPGEN with hard parton emission
of up to five partons and HERWIG for the parton shower.
The W + jets background is normalized using a data-
driven method which fits templates from simulated events
to a data sample dominated by W decays [18]. The Z + jets
background is normalized to a NNLO calculation [19].

Other processes considered are the production of dibo-
sons (WW, WZ, ZZ), modeled with ALPGEN and HERWIG
and normalized to next-to-leading-order (NLO) calcula-
tions [20]; single top, modeled with MC@NLO [21] and
HERWIG; and #tW, tZ, ttWW, ttWj, tiZj, and WWjj, all
modeled with MADGRAPH [22] and PYTHIA.

The multijet background is strongly suppressed by the
requirements described below. The residual contribution is

estimated using a data-driven technique called the matrix
method, described in detail in Ref. [23]. Validation of this
background estimate is done by reversing these require-
ments to enhance the multijet contribution.

Electrons, jets, muons, and missing transverse momen-
tum are used to select events for this search. Electrons are
required to have Ep > 25 GeV and be within the pseudo-
rapidity range |n| < 2.47, excluding the barrel-end-cap
transition region 1.37 < |n| < 1.52. Electrons must pass
tight identification requirements [11] and also satisfy calo-
rimeter isolation: the energy not associated with the elec-
tron cluster inside a cone of size AR = 0.2 around the
electron direction must be smaller than 3.5 GeV after the
correction for the contributions from interactions addi-
tional to the hard process.

Jets are reconstructed from topological calorimeter clus-
ters using the anti-k, algorithm [24] with radius parameter
0.4. These jets are then calibrated to the hadronic energy
scale using pr- and m-dependent correction factors ob-
tained from simulation and validated with collision data
[25]. For this analysis, jets are required to satisfy pr >
25 GeV and |n| < 2.5. The closest jet within an 7-¢ cone
of 0.2 around an electron candidate is removed.

Muon candidates must satisfy pp > 20 GeV and || <
2.5 and pass tight identification requirements [23]. Muons
must also satisfy calorimeter isolation, which requires that
the energy, excluding the estimated energy deposited by
the muon, is smaller than 4 GeV in a cone of size AR = 0.3
around the muon direction, and track isolation, which
requires that the summed momentum of all tracks exclud-
ing the muon track is smaller than 4 GeV in a cone of size
AR = 0.3. Finally, all muons within a cone of size
AR = 0.4 around any jet with pr > 20 GeV are removed.

The missing transverse momentum (E%]iss) is constructed
from the vector sum of topological calorimeter energy
deposits and muon momenta, projected onto the transverse
plane [26].

If each b’ quark decays to a top quark and a W boson, the
resulting final state is t7W* W™ In the lepton + jets decay
channel, the final state contains one lepton, El}liss from the
undetected neutrino, and many jets from the eight quarks.
Exactly one lepton (e or p) must pass the selection de-
scribed above. Since not all jets are expected to satisfy the
momentum and rapidity requirements, at least six jets are
required.

To reduce the multijet background, additional re-
quirements are placed on the ETS and the transverse

mass of the leptonically decaying W boson, my =

\/ZE%‘iSS P{1 — cos[Ap(EXS, p£)T}. In the electron chan-
nel, ETss > 35 GeV and m) > 25 GeV are required, and
in the muon channel, EF > 20 GeV and ER + m) >
60 GeV are required. Only events with six or more jets are
considered. For a b’ quark with a mass of 350 GeV, 11.2 =
1.7% of signal events are accepted with this selection. For a
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FIG. 1 (color online). Jet multiplicity distribution for signal
and backgrounds for events with at least one jet. The shaded SM
backgrounds are stacked on one another, while the b’ signal
histograms are not. In this figure and those following, the bottom
plot shows the relative difference between the SM prediction and
the data together with the uncertainty (shaded band) due to
statistics, jet energy scale, and W + jets normalization.

b’ quark with a mass of 500 GeV, 13.5 * 2.0% of signal
events are retained.

At this stage of the selection, pair production of b’
quarks is distinguished mostly by the large number of
energetic jets, as shown in Fig. 1. Events with b’ decays
contain jets from three hadronic W decays, while ¢ back-
ground events contain only one hadronic W decay.

To identify these hadronic W decays, pairs of jets sepa-
rated by AR < 1.0 are examined. This choice of AR selects
W bosons with high pr and reduces the combinatorial
background in events with large jet multiplicity. The num-
ber of reconstructed W bosons (Ny) is defined as the
number of such jet pairs with an invariant mass in the
range 70-100 GeV. This range is not symmetric around
the W boson mass as additional energy is often included in
the cone. Each jet may contribute to only one identified
hadronic W decay. In Fig. 2, the invariant masses of dijet
pairs in a control sample of events with only three to five
jets are shown. Good agreement is observed between the
data and simulation across the entire spectrum including
the region close to the W boson mass, where a bump can be
seen in the 77 simulation.

The efficiency of finding a simulated W decay with both
quarks matched to separate reconstructed jets depends on
the W boson pr. For simulated ¢7 and b’ events passing the
selection described above and containing a W boson with a
pt of about 250 GeV the two jets from the W boson are
found approximately 80% of the time. Once both jets are
found, the efficiency that the jets have AR < 1.0 and a dijet
mass within the specified invariant mass range is approxi-
mately 70%, as can be seen in Fig. 3.
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FIG. 2 (color online). The invariant mass distribution of jet
pairs with AR < 1.0 for data and simulation in a control sample
of events with exactly three to five jets.

To further distinguish the potential &’ signal from the
backgrounds, nine exclusive bins are examined, defined
as a function of the multiplicity of hadronic W decays
(Nw = 0, 1, = 2) and jet multiplicity (Nj,, = 6, 7, = 8).

The agreement between data and simulation for the
description of the number of jets is validated in events
with a scalar sum (Ht) of transverse energies of jets and
leptons less than 400 GeV and no reconstructed hadronic W
decays, to suppress potential &’ contributions.

Table I shows the major sources of systematic uncer-
tainty. The main contributions to uncertainty in the model-
ing of the backgrounds and 2’ signal come from the jet
energy scale and the level of initial and final state radiation
(ISR and FSR) in the top quark pair background. The jet
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FIG. 3 (color online). The efficiency for jet pairs from a
simulated W boson decay to have AR < 1.0 and a dijet mass
within 70-100 GeV, for simulated ¢7 and signal events. Events
are required to have exactly six jets.
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TABLE I. Systematic uncertainties in the predicted total back-
ground in the signal region. Some of the uncertainties have been
constrained in background-dominated regions, profiled as de-
scribed in the text. Smaller systematic uncertainties, such as
those related to lepton identification and theory, and small
uncertainties on the rate, are not profiled and are not included
here. For the profiled systematics, the uncertainty before profil-
ing is given in parentheses.

Uncertainty on background

Profiled uncertainties

W + jets normalization
ISR/FSR

Jet energy resolution

Jet reconstruction efficiency
Not-profiled uncertainties

+5% (+ 16%)
+12% (= 17%)
+3% (+ 6%)
+2% (+ 3%)

Jet energy scale *31%
tf simulation generator *6%
tf showering model +3%

energy scale uncertainty is extracted from dijet events and
validated with vy + jet events as discussed in Ref. [25],
with an additional uncertainty due to in-time pileup. The
amounts of simulated ISR and FSR are varied according to
their uncertainties for both background and signal events.
Jet reconstruction efficiency and jet energy resolution lead
to smaller uncertainties in the predicted background.

For the largest background source, t7 with additional
jets, uncertainties in the description of the parton shower
and fragmentation model are estimated by comparing pre-
dictions of POWHEG [27] with PYTHIA to POWHEG with
HERWIG. Uncertainties in the modeling of the production
and decay of the top quark are estimated by comparing the
predictions from POWHEG with HERWIG and ALPGEN.

The W + jets normalization uncertainty is 4%, plus 24%
per jet added in quadrature [18]. The uncertainties in lepton
reconstruction efficiency and energy scale are derived in
dilepton samples dominated by Z — €€ decays and applied
to the simulated background and signal samples.

The systematic uncertainties are treated as correlated
between signal and background, and between electron
and muon channels, except where they are specific to the
background model (e.g. W + jets normalization) or to a
channel (e.g. electron or muon efficiencies).

To extract the most likely value of the b'h’ cross section
in the nine bins of (Ny, Nj,) multiplicity, a binned maxi-
mum likelihood fit using a profile likelihood ratio is per-
formed, varying each background rate within its
uncertainty, and allowing shape and rate variation due to
the systematic uncertainties described above. The signal
and background rates are fitted simultaneously.

Events in the final selection which have low hadronic W
boson or jet multiplicity (Ny <2 and Nj, <8) are
dominated by background processes and serve to constrain
some of the systematic uncertainties. The likelihood is
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FIG. 4 (color online). Distribution of the numbers of events
observed in the data and expected from SM processes for jet
multiplicity Nje = 6, 7, =8 with hadronic W multiplicity
Ny =0, 1, = 2. The expected b’ signals for two masses are
also shown, stacked on top of the backgrounds.

maximized with respect to the variation due to the system-
atic uncertainties. This procedure serves to reduce some of
the systematic uncertainties, those listed as profiled in
Table 1.

The expected background and signal contributions, as
well as the observed numbers of events in the data, are
shown in Fig. 4 and given in Table II for the nine bins of jet
and hadronic W-boson multiplicity. No evidence for the
production of b" quarks is observed. The CLs method [28]
is used to set 95% confidence level (C.L.) cross section

TABLE II. Expected and observed number of events in each
bin of jet and hadronic W decay multiplicity. Estimates for two
signal samples with different b’ masses are also shown. The
contributions from different background sources are shown in
Fig. 4.

Expected  Observed
Nj Ny background events b’ 350 GeV b’ 500 GeV
6 0 206075 1839 80 5
6 1 410519 410 47 8
6 =2  28%10 32 7 2
7 0 57033 521 60 4
7 1 1661 142 46 7
7 =2 17.97%8 21 11 3
=8 0 1701180 173 56 3
=8 1 69733 57 50 8
=8 =2 121738 11 22 6
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FIG. 5 (color online). Expected and observed cross section
exclusion upper limits at 95% C.L. for a fourth generation b’
quark. Systematic uncertainties on the expected limit are shown
with shaded bands. Previously published limits from CDF [3,4],
CMS [5], and ATLAS [7] are also shown.

upper limits for the pair production of fourth generation
quarks, b’. The median expected upper limit is extracted in
the background-only hypothesis. The results are shown in
Fig. 5 as a function of the b’ mass. Systematic uncertainties
are taken into account and it is assumed that the branching
ratio (BR) for b’ — Wt is 100%. These cross section limits
are interpreted as limits on the 5’ mass by finding the
intersection of the limit curves with the theoretical cross
section curve. Uncertainty in the theoretical cross section
includes renormalization and factorization scale and PDF
uncertainties calculated with HATHOR [14].

Masses below 480 GeV are excluded at the 95% con-
fidence level, while the expected limit is m;, > 470 GeV.
For a particle with a mass of 480 GeV, the expected
exclusion limit on the pair production cross section is o <
0.5470%3 pb, while the observed exclusion is o < 0.47 pb.

In conclusion, a search for pair production of heavy
down-type quarks decaying via b’ — Wt in the lepton +
jets channel has been performed using 1.04 fb~! of
\Js =7 TeV pp collision data recorded with the ATLAS
detector, selecting events based on the number of jets and
hadronic W decays. A heavy down-type quark with mass
less than 480 GeV is excluded at the 95% confidence level,
improving significantly on previous limits.
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