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A search is performed for the process pp — G* — BHB/I_BHb — Hbb — bbbb, predicted in composite
Higgs scenarios, where G* is a heavy colour octet vector resonance and By a vector-like quark of charge
—1/3. The data were obtained from pp collisions at a centre-of-mass energy of 8 TeV corresponding to an
integrated luminosity of 19.5 fb™!, recorded by the ATLAS detector at the LHC. The largest background,
multijet production, is estimated using a data-driven method. No significant excess of events with respect

to Standard Model predictions is observed, and upper limits on the production cross section times
branching ratio are set. Comparisons to the predictions from a specific benchmark model are made,
resulting in lower mass limits in the two-dimensional mass plane of mg+ vs. mg,,.
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1. Introduction

Composite Higgs [1-4] models interpret the Higgs boson dis-
covered at the Large Hadron Collider (LHC) [5] as a pseudo-
Goldstone boson resulting from spontaneous symmetry breaking
in a new strongly coupled sector, thus addressing the naturalness
problem, the extreme fine tuning required in the Standard Model
(SM) to cancel quadratically divergent radiative corrections to the
Higgs boson mass. A generic prediction of these models is the exis-
tence of massive vector-like quarks (VLQ). These VLQs are expected
to mix mainly with the third family of quarks of the SM [6-8],
leading to partial compositeness. Colour octet resonances (massive
gluons) also occur naturally in these models [6,7,9,10].

Searches for vector-like quarks in the ATLAS and CMS experi-
ments, in both the pair and single production processes [11-22],
constrain their mass to be above 700-900 GeV. This analysis is a
search for single production of a vector-like quark By of charge
—1/3 via the s-channel exchange of a heavy colour octet vec-
tor resonance G*, using data recorded by the ATLAS detector at
the LHC. The search is performed for the process of Hbb produc-
tion through pp — G* — Byb/Byb — Hbb — bbbb (see Fig. 1),!
based on Ref. [23] and using the benchmark model of Ref. [9].
This simplified minimal composite Higgs model has a composite
sector with a global SU(3), x SU(2)L x SU22)r x U(1)y symme-
try and an elementary sector which contains the SM particles but
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Fig. 1. Feynman diagram of the signal process q§ — G* — Byb — Hbb — bbbb.

not the Higgs boson. Physical states of the composite sector in-
clude the heavy gluon G*, a composite Higgs boson and heavy
vector-like quarks of charge 5/3, 2/3, —1/3 and —4/3. Among
these heavy quarks, there is one singlet of charge 2/3 which mixes
with the right-handed top quark of the SM with an angle 6, and
similarly one singlet of charge —1/3 which mixes with the right-
handed bottom quark of the SM with an angle 6y,. After mixing
between the gluons from the elementary and composite sectors
by an angle 6, the physical state of the heavy gluon has a cou-
pling g.cosfs to composite states, where g, = gs/sinfs and g is
the coupling of the SM gluon. The other parameters of the model
are the composite fermion masses, assumed to be universal, the
heavy gluon mass mg+ and two Yukawa couplings Y7 and Yp. In
a large part of the parameter space, the lightest of the new heavy
quarks is By, of charge —1/3, and in this model it decays exclu-
sively to Hb. In Ref. [23], the condition mp, = mg=/2 is applied,
with the result that pair production of the heavy partners is kine-
matically forbidden and the width of G* is consequently not too
large. In the search presented here, the phase space is extended to
mp, > mg+/2. When mp,, <mg+/2, present results on pair produc-
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tion of vector-like quarks can be recast in a model with a massive
colour octet [24].

For high masses of the G* and By resonances, the Higgs boson
is highly boosted and the decay products are reconstructed in a
single large-radius (large-R) jet in the detector, whereas for lower
masses the four b-quarks are reconstructed as separate small-
radius jets. The analysis uses two sets of selection criteria to target
these two cases.

2. The ATLAS detector

The ATLAS detector,® located at the LHC, is described in detail
in Ref. [25]. It covers nearly the full solid angle around the col-
lision point. The inner detector is surrounded by a solenoid that
produces a 2 T axial magnetic field. The tracks of charged par-
ticles are reconstructed with a high-granularity silicon pixel and
microstrip detector for |n| < 2.5. A straw-tube transition radiation
detector extends the tracking to larger radii and provides elec-
tron/pion discrimination. The electromagnetic calorimeter consists
of a barrel and end-cap lead/liquid-argon (LAr) sections with an
accordion geometry covering |n| < 3.2, preceded by a thin presam-
pler, covering || < 1.8, which allows corrections for fluctuations in
upstream energy losses. A copper/LAr electromagnetic calorimeter
covers the very forward angles. Hadronic calorimetry is installed
in the barrel region, |n| < 1.7, using steel as the absorber and
scintillator tiles as the active material. In the endcaps, copper/LAr
calorimeters cover 1.5 < || < 3.2 followed by a forward calorime-
ter based on tungsten absorbers in LAr as sensitive medium, up to
|n| =4.9. Surrounding the hadronic calorimeters are large toroidal
magnets whose magnetic fields deflect the trajectories of charged
particles exiting the barrel and end-cap calorimeters. The muon
spectrometer uses monitored drift tubes for tracking in |n| < 2.7
with cathode strip chambers in the innermost station for |n| > 2.0.
A dedicated muon trigger is provided by resistive plate cham-
bers in the barrel and thin-gap chambers in the end-cap, covering
In| < 2.4.

A three-level trigger system, consisting of a hardware Level-1
trigger and two software-based trigger levels reduce the event rate
to be recorded to less than about 400 Hz.

3. Data and simulation

Data used in this analysis correspond to an integrated luminos-
ity of 19.5 fb™! of pp collisions collected at the LHC at a centre-
of-mass energy of /s =8 TeV, with all the essential elements of
the ATLAS detector fully operational and stable.

Simulated signal and background samples are produced by
Monte Carlo (MC) event generators and passed through a GEANT4
[26] simulation of the ATLAS detector [27]. Additional events from
the same and neighbouring bunch crossings (pile-up) are included
by adding simulated diffractive and non-diffractive pp collisions
to hard-scattering events. The pile-up rate is reweighted in accor-
dance with the luminosity profile of the recorded data. All simu-
lated events are then reconstructed using the same reconstruction
software as the data.

Signal samples based on the model discussed in Ref. [23] are
generated with MADGRAPH5_aMC@NLO (28], using CTEQ6L1 [29]

2 ATLAS experiment uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis along the
beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, ¢) are used in the transverse plane,
¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle 6 as n = —Intan(6/2). The distance in n-¢ space is re-

ferred to as AR = ,/(AN)? + (A¢)>.

parton distribution functions (PDFs), in the mass region mg«/2 <
mp, < mg+, with 1 TeV < mg+ < 3 TeV, in steps of 250 GeV in
mg+ and in steps of 125 GeV in mg,. The Higgs boson mass is

set to 126 GeV and its branching ratio BR (H — bB) to 56.1% [30].

The parameters of the model are set as in Ref. [23]: g =3, Y1 =
Yp =3, sinfy = sinfp, = 0.6.

The event selection requires at least two b-jets in the final
state. Multijet events from strong interactions have a large cross
section and are the dominant background. Due to the large num-
ber of events required to simulate this background and the diffi-
culty of modelling it accurately, it is evaluated using a data-driven
method, as described in Section 6. Other background contribu-
tions include top-pair and single-top-quark production, generated
with PowHEG-Box [31-33] interfaced to PyTHIA [34] using CT10
PDFs [35]. The tt sample is normalised to the theoretical calcula-
tion performed at next-to-next-to-leading order (NNLO) including
resummation of next-to-next-to-leading logarithmic (NNLL) soft
gluon terms with Top++2.0 [36,37], giving an inclusive cross sec-
tion of 253ﬂ§ pb [38]. Samples of tt + Z and tt + H events are
generated with PyTHIA and CTEQ6L1 PDFs. The SHERPA [39] gener-
ator, with CT10 PDFs, is used to simulate W /Z + jets samples with
leptonic decay of the vector bosons. SHERPA is also used to gener-
ate Z +jets events, with Z — bb, where the extra jets are produced
inclusively. Contributions from diboson backgrounds—WW, WZ
and ZZ—are estimated to be negligible.

4. Object reconstruction

The final state consists of four jets from b-quarks (b-jets), two
of which come from the Higgs boson decay. If the Higgs boson is
sufficiently boosted, having a transverse momentum pt 2 300 GeV,
the two b-jets may be merged into a single jet with a large radius
parameter (large-R jet) and therefore two different jet definitions
are used.

Jets with smaller radius parameter, or small-R jets, are recon-
structed from calibrated calorimeter energy clusters [40,41] using
the anti-k; algorithm [42] with a distance parameter R = 0.4. The
high pr threshold used in the event selection ensures that the con-
tamination of jets from pile-up is small. To ensure high-quality
reconstruction of central jets while rejecting most jets not com-
ing from hard-scattering events, criteria as described in Ref. [43]
are applied. Jets are corrected for pile-up by a jet-area subtraction
method and calibrated by a jet energy scale factor [44]. They are
required to have pr > 50 GeV and |n| <2.5.

Small-R jets are identified as containing a b-hadron (b-tagged)
by a multivariate algorithm [45]. This algorithm was configured to
give a b-tagging efficiency of 70% in simulated tf events, with a
mistag probability of about 1% for gluon and light-quark jets and
of about 20% for c-quark-initiated jets. The b-tagging efficiency in
simulated events is corrected to account for differences observed
between data and simulation.

Large-R jets are reconstructed using the anti-k; algorithm with
R = 1.0. Jet trimming [46,47] is applied to reduce the contam-
ination from pile-up and underlying-event activity: subjets are
formed using the k; algorithm [48] with R = 0.3 and subjets with
pr(subjet)/pr(jet) < 5% are removed.

Leptons are vetoed in this analysis to reduce background involv-
ing leptonically decaying vector bosons. Electron candidates with
pr > 7 GeV are identified in the range |n| < 2.47 from energy
clusters in the electromagnetic calorimeter, matched to a track in
the inner detector. Requirements of ‘medium’ quality, as defined
in Ref. [49], are applied together with two isolation criteria: the
scalar sum of the transverse momentum (energy) within a ra-
dius AR =0.2 around the electron candidate has to be less than
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:?gbr::l]region definitions: category 1 (2) refers to the case where the next-to-leading-pt (leading-pr) jet not associated with the Higgs boson is assumed to be from the By
decay.
Category 1 Category 2
SR1 SR2 SR3 SR4 SR5
Lower cut on reconstructed mg+ and mg,, [TeV] (1.0,0.5) (1.3,0.5) (0.8,0.5) (1.5,0.5) (1.8,1.0)

15% (14%) of the electron pr(Et). Muons with pr > 7 GeV and
|n| < 2.4 are reconstructed from matched tracks in the muon spec-
trometer and the inner detector. Quality criteria are applied, as
described in Ref. [50], and an isolation requirement is applied: the
scalar sum of the transverse momentum of tracks within a radius
AR = 0.2 around the muon candidate has to be less than 10% of
the muon pr.

5. Event selection

Because of the very high hadronic background at the LHC, it
is not possible to have adequate Monte Carlo statistics for multi-
jet events. The uncertainties in the quality of simulation of b-jets
at high-pt can also be large. For these reasons, for each mass
pair (mc*,mBH) being tested, a data-driven technique was used
to evaluate the expected background, as described in Section 6.
The technique requires that we define control regions orthogonal
to the signal regions. A blind analysis is performed, in which the
background is first evaluated without initial knowledge of the data
in the signal regions. In order to test the large number of mass
pair hypotheses, all signal region cuts are applied except the Higgs
mass window which is blinded when evaluating the background in
the signal regions.

5.1. Event preselection

Events in the signal region are first preselected according to
the following criteria (see end of Section 5.2 for the signal region
definition).

e They must satisfy a combination of six triggers requiring mul-
tiple jets and b-jets for various pt thresholds, where b-jets are
identified by a dedicated online b-tagging algorithm. This com-
bination of triggers is > 99% efficient for signal events passing
the offline selection, across the By and G* mass ranges con-
sidered in this analysis.

e They are vetoed if they contain reconstructed isolated leptons
(e or w) in order to reduce the contribution from W /Z + jets
and tt backgrounds.

e At least three small-R b-tagged jets must be present in the
signal region.

e The invariant mass of the system composed of all selected R =
0.4 jets is required to be greater than 600 GeV.

Two event topologies are considered for the signal, depending on
the boost of the Higgs boson. Highly boosted Higgs bosons are re-
constructed using large-R jets as described in Section 4 and this
topology corresponds to the merged scenario (see Section 5.2). If
no large-R jet is found, an attempt is made to reconstruct the
Higgs boson from two small-R jets (see Section 5.3). The accep-
tance times reconstruction efficiency for the combined yields of
the two topologies varies from 5% to 20% depending on the masses
of the G* and Bp.

5.2. Merged selection

The signal region for the merged case consists of the following
requirements.

e A large-R jet must be present with pr > 300 GeV and || <
2.0 and mass in the range [90, 140] GeV. The mass window
was optimised based on the signal sensitivity. If more than one
such large-R jet is present, the Higgs candidate is chosen to be
the one with mass closest to 126 GeV. At least one b-tagged
jet must be matched to it within a distance AR = 1.0.

e There must be at least two additional b-tagged jets separated
from the Higgs boson candidate, AR (H, j) > 1.4. The two with
the highest pr are used to reconstruct the G* and By candi-
dates.

Once the Higgs boson candidate has been identified as above,
there remains an ambiguity in assigning the other jets to the
vector-like quark Bpy. The four-momentum of the By candidate
is reconstructed as the four-momentum sum of the Higgs boson
candidate and either the next-to-leading-pt (category 1) or the
leading-pt (category 2) b-jet away from it, depending on the as-
sumed mass difference between G* and Bpy. For large G*-By mass
difference, the By and b-quark from G* splitting have high mo-
mentum and therefore the jet from the subsequent By decay is
likely to be the next-to-leading jet. For a small mass difference
the opposite is true since in this latter case the By decay prod-
ucts are more boosted than the G* splitting products. For each
(mc*, mBH) pair, the category which has the higher probability that
the correct pairing is formed is chosen, based on the simulated
signal events. Finally, the G* four-momentum is reconstructed
as the four-momentum sum of the Higgs boson jet and the two
leading-pt b-jets not matched to the Higgs boson candidate.

Different signal regions are defined for the different (m(;*, mBH)
mass pair hypotheses. They are characterised by the choice of cat-
egory defined above as well as by lower cuts on the reconstructed
masses of G* and By candidates. Five inclusive signal regions were
defined, with the minimum mass of the G* candidate ranging from
0.8 to 1.8 TeV and of the By candidate from 0.5 to 1 TeV; these are
shown in Table 1. No upper cut on the resonance masses was set
since the multijet background distribution falls rapidly and the res-
onance widths become larger for high masses. For each mass pair
considered, the signal region that gives the maximum signal sen-
sitivity, the ratio of the expected number of signal events to the
square root of the number of background events, is chosen.

5.3. Resolved selection

Events in the resolved signal region are required to satisfy the
following criteria.

e In order to be able to later combine the results with the
merged channel, events are required to fail the merged selec-
tion criteria.

e Events are required to have exactly four small-R jets with pr >
50 GeV and |n| < 2.5, with at least three of these jets being
b-tagged. The Higgs boson candidate is reconstructed using the
two jets with invariant mass nearest to 126 GeV. The invariant
mass is required to be in the interval [90, 140] GeV and the
transverse momentum of the dijet system prt(jj) > 200 GeV.

The four-momentum of the By candidate is reconstructed from
the four-momentum sum of the Higgs candidate and either the
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leading or the next-to-leading-pt jet away from the Higgs boson
jets, depending on the G*-By mass splitting. As in the merged
case, for each pair of masses considered the category is chosen
to be the one with the lower mis-assignment rate of jets, based
on samples of simulated signal events. Inclusive signal regions are
defined by lower minimum mass values identical to the merged
case, and shown in Table 1. Each mass pair is assigned to the same
SR for the merged and resolved analysis. The four-momentum of
the G* candidate is reconstructed from the four-momentum sum
of the four jets in the event.

6. Modelling of the multijet background

The ‘ABCD’ data-driven method is used to estimate the multi-
jet background. For each of the ten signal regions, three control
regions orthogonal to the signal region are defined: region B has
all the signal region selection criteria mentioned in Section 5 ap-
plied, including the lepton vetoes and lower cuts on the masses of
By and G* candidates, but the Higgs boson candidate mass is re-
quired to be outside the interval [90, 140] GeV; region C has all
the signal region selection requirements, but requires exactly two
jets to be b-tagged; and region D has the Higgs boson candidate
outside the Higgs boson mass window and exactly two b-tagged
jets. In regions C and D, only one of the two jets not associated
with the Higgs boson candidate is b-tagged. The number of multi-

Table 2

Expected and observed numbers of events in the validation regions (VR) associated
to their respected signal regions for the merged and resolved channels. Only the
statistical error is shown.

Merged
VR1 VR2 VR3 VR4 VR5
Expected 563+ 16 213+10 1680 £ 29 135+8 45+ 4
Observed 558 184 1666 137 35
Resolved
VR1 VR2 VR3 VR4 VR5
Expected 1065 £ 21 337+11 3758 + 50 242 +10 63+5
Observed 1073 324 3906 238 56
Table 3

jet (M]) events expected in the signal region (SR) is then evaluated
according to

M
Nen = Ng/Np x Ne, 1)

where Ny is the number of events in region X, after having re-
moved the top-quark, diboson and other electroweak background
contributions as determined from MC simulations.

This estimate assumes that no bias results from the choice of
control regions. To evaluate and potentially correct for the effect of
any biases, a re-weighting is performed on two kinematic distri-
butions, the leading-jet pt and the AR between the reconstructed
Higgs boson candidate and the leading jet not associated with it.
Control regions C and D (B and D) are re-weighted, using a method
similar to Ref. [51], to have the same shape as in control region B
(C) with weights obtained from Ng/Np (Np/Np) per bin. The ef-
fect of this re-weighting is found to be negligible and therefore no
correction is applied.

A validation region is defined as the 15 GeV sideband regions
outside the Higgs boson candidate mass window, i.e. 75-90 GeV
and 140-155 GeV, for each signal region. The contribution from
multijet background is estimated as above, but with the control
regions B and D excluding these validation regions and region C
now being the two sidebands. It is then compared to the number
of observed data events, after adding back the simulation-based
background, in these regions. Table 2 shows that the expected and
observed numbers of events agree well in the validation regions
for the merged- and resolved-channel signal regions.

7. Systematic uncertainties

Systematic uncertainties from several sources affect the ex-
pected numbers of background and signal events. Table 3 shows
the estimated size of the different components.

The statistical uncertainty in the data control regions used for
the estimation of the multijet background is considered as part of
the statistical error.

There is an uncertainty in the number of background events
due to the difference between the observed and estimated num-
bers of events in each of the validation regions. In each validation

Systematic and statistical uncertainties on the total background in each of the signal regions for the merged and resolved analyses. The background estimation uncertainties
have been scaled by the ratio of the multijet contribution to the total background estimation in order to get the relative error on the total background.

Merged
Systematic uncertainty SR1 SR2 SR3 SR4 SR5
Background estimation 5% 15% 2.8% 10% 27%
tt cross section +1.0% —1.1% +0.8% —0.9% +1.2% —1.4% +0.8% —0.9% +0.6% —0.7%
JER small-R +0.29% +0.15% +0.01% —0.32% +0.20%
JES small-R +0.9% —0.8% +1.6% —0.7% +1.0% —1.0% +0.9% —1.0% +1.5% —1.0%
JES/JMS large-R +0.31% —1.5% +1.3% —1.5% +0.13% —1.9% +0.9% —0.8% +1.6% —0.20%
b-tagging +0.18% —0.18% +0.23% —0.33% +0.24% —0.18% <0.01% +1.6% <0.01%
Luminosity 0.3% 0.3% 0.3% 0.2% 0.2%
Data/MC statistical (CR) 2.2% 4% 1.3% 4% 8%
Total (stat.) 2.7% 5% 1.5% 6% 10%
Total (syst.) 6% 15% 4% 11% 28%

Resolved
Systematic uncertainty SR1 SR2 SR3 SR4 SR5
Background estimation 3.5% 6% 4% 8% 16%
tt cross section +0.24% —0.27% +0.20% —0.23% +0.31% —0.4% +0.23% —0.26% +0.17% —0.20%
JER small-R +0.17% +0.32% +0.18% —0.37% —0.5%
JES small-R +0.8% —0.6% +0.7% —0.6% +0.6% —0.7% +0.8% —0.7% +1.0% —0.8%
b-tagging +0.5% —0.4% +0.5% —0.30% +0.5% —0.4% +0.4% —0.4% +0.7% —0.7%
Luminosity 0.13% 0.13% 0.15% 0.15% 0.11%
Data/MC statistical (CR) 1.6% 2.7% 1.0% 3.3% 6%
Total (stat.) 21% 4% 1.0% 4% 8%
Total (syst.) 4% 7% 4% 8% 17%
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Fig. 2. Observed (black points) and expected (red band) distribution of the reconstructed Higgs boson candidate mass in signal region 3 for the (a) merged and (b) resolved
cases. The normalisation of region C is applied as an overall factor, and not bin-by-bin, for the Higgs boson candidate mass window. The red error bands represent the
systematic uncertainty on the expected background. The distribution from a signal with mg+ =1 TeV and mp, = 0.75 TeV is also shown for the parameters listed in
Section 3. The lower panels show the ratio of the observed number of events in data to the expected background. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

region, if the observed number of events is compatible with the es-
timated number within one standard deviation (calculated as the
sum in quadrature of the relative statistical errors of the two), this
standard deviation is considered to be the background estimation
uncertainty. Otherwise, the background uncertainty is considered
to be the fractional difference between the observed and estimated
numbers of events. This is the largest uncertainty, ranging from 5%
in SR1 to 27% in SR5 for the merged case, and from 3.5% in SR1 to
16% in SR5 for the resolved case.

The tt contribution dominates the simulation-based back-
ground. The theoretical uncertainty on its cross section is taken
to be 6%, as discussed in Section 3.

Uncertainties due to the calibration and modelling of the de-
tector affecting the simulation-based background estimates in the
control and signal regions are principally due to the jet energy
scale (JES) and jet energy resolution (JER). JES uncertainties for
small-R jets include contributions from detector reconstruction
and from different physics modelling and evaluation methods [52].
Uncertainties leading to a higher (lower) yield than the nominal
value are added in quadrature to the total JES up (down) uncer-
tainty. To evaluate the impact of JER for small-R jets, energies of
simulated jets are smeared to be consistent with the JER measured
in data. The JER systematic uncertainty is the difference between
the nominal and smeared values.

JES uncertainties for large-R jets in the central region are evalu-
ated as described in Ref. [47]. The jet mass scale (JMS) uncertainty
is 4-5% for pr <700 GeV and increases linearly with pr to about
8% in the range 900 < pt < 1000 GeV.

The total uncertainty in the measured b-tagging efficiency was
evaluated in Ref. [53] and is pt and 1 dependent. For high-pt jets,
the systematic uncertainty is derived from simulation. It is esti-

mated here for the simulation-based backgrounds, accounting for
the statistical uncertainty, the error on the generator-dependent
scale factors, the track momentum scale, resolution and efficiency
systematic uncertainties, and the extrapolation uncertainties for
light jets. It is at or below the percent level and always dominated
by the background estimation.

The predicted signal is not confined to the signal region: it
could also constitute a fraction of the observed data in the control
regions. The effect of this potential contamination on the statistical
procedure is described in Section 8.

Systematic uncertainties due to detector effects also affect the
VLQ signal yields. They are dominated by the b-tagging uncer-
tainties, ranging from 16% to 40% depending on pr, while other
sources of systematic uncertainties listed above are below 5%.
Theoretical uncertainties in the signal cross section due to the
choice of PDFs are estimated from CTEQ6.6 with its 22 eigenvector
sets [29].

8. Results

After applying all selection criteria in the signal regions, the
multijet background in the Higgs boson candidate mass window is
evaluated according to Eq. (1). Mass distributions of reconstructed
Higgs boson candidates are shown in Fig. 2 for the merged and re-
solved cases in SR3. The observed data and the background predic-
tions are consistent within statistical and systematic uncertainties.

For each pair of mass points considered, the expected sig-
nal yield, based on the benchmark model, is evaluated in the
corresponding signal region. These yields result from the signal
o x (A x €), where o is the cross section including all the branch-
ing fractions and (A x €) is the acceptance times reconstruction
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Table 4

Observed data and background yields in the different signal regions for the merged and resolved cases. The first error is statistical and the second is systematic, while for
individual background contributions only the statistical error is shown. Statistical errors on the numbers of data events in the control regions used to estimate the multijet
background are included in the total statistical error. The row tt/top includes tt, single-top and tf + V /H backgrounds while W /Z 4+ jets includes leptonic and hadronic
decays of the vector boson.

Merged
Background SR1 SR2 SR3 SR4 SR5
Multijet 1104 £ 27 398 +£16 3372 +49 259+12 85+7
tt/top 107 +£4 30.0+2.3 398 +38 183+1.9 42+1.0
W /Z + jets 10.5+1.3 44409 30.1+£1.9 26+0.8 0.8+0.5
Total BG 1222 +33+70 432 +£20+60 3800 + 60 + 150 280+ 16+ 30 90+9+25
Data 1310 456 3827 287 89
Resolved
Background SR1 SR2 SR3 SR4 SR5
Multijet 1985+ 34 639+ 18 8580 £+ 90 523 +18 141+9
tt/top 64.2+3.2 17.7+1.8 353£8 154+1.6 3.3+0.7
W/Z + jets 35.0+£3.3 12.7+£1.8 142+6 12.8+2.2 26+04
Total BG 2080 + 40 + 80 669 £ 25 + 50 9080 + 90 + 340 551 23 450 147 £12£25
Data 2106 706 8927 568 122

Table 5
Combined limits, in fb, on o (pp - G* — Byb) x BR(By — Hb) x BR(H — bB). First and second entries in each

cell give the expected and observed limits, respectively. The third entry gives the cross section in fb predicted by
the benchmark model. Red cells are excluded and green cells are not excluded at 95% C.L. Cases where mg+ > 2mgp,,
are not considered in this analysis and are marked in yellow. (For interpretation of the references to colour in this
table legend, the reader is referred to the web version of this article.)

[mg, (VI ]| |
+62 +58 +75 +110
62755 | 62733 | 61755 | 7171)
2.0 68 62 64 74
5.2 48 2.9 15
1875
+48 +36 +52 +72 +82
i || s | s | 6 | e
175 74 52 59 61 66
16 13 7.8 3.8 1.7
1.625
+42 +53 AR +69 +47 +68
66153 | 57138 | 5715 | 5675 | 5615 | 6575%
1.50 66 61 57 57 56 67
47 38 21 9.6 43 1.9
+42
6615
1375 66
45
+104 +58 —+45
163115 60135 | 42743
125 163 60 43
148 24 11
+63
68153
1125 70
25
1.0
0.875
0.75
[me- [TeVi— [ 10 | 125 | 15 [ 175 | 20 | 225 | 250 [ 275 | 30 |
efficiency of the signal selection cuts. The amount of contamina- Table 4 shows the expected and observed background event

tion, defined as the expected ratio of the number of signal events yields in each of the signal regions for the merged and resolved
in control regions B, C, or D to that in the signal region, is also cases. No significant excess of data events is found compared to
estimated. the expected SM background. Taking into account the number of
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Fig. 3. Observed (solid) and expected (dashed) 95% C.L. upper limits on the cross
section o (pp — G* — Byb) x BR(By — Hb) x BR(H — bb) for VLQ mass points

with mp, =mg+/2, from the combined merged and resolved analyses, as well as
the theoretical prediction based on parameters given in Section 3. The uncertainty
band around the theory cross section reflects the uncertainty in the CTEQ6.6 PDFs.

expected background events in each of the signal regions and the
yield of signal events for each test mass pair, together with all
statistical and systematic uncertainties, upper limits at the 95%
confidence level (CL), using the CLs prescription [54] and RooStats
[55], are set on the cross section times the branching fraction of
a signal, combining results from the merged and resolved analy-
ses. To account for possible contamination of the control regions
by signal, an iterative procedure is used: a 95% CL limit is first
obtained assuming no contamination in the control regions. The
contamination in regions B, C, D is then calculated, assuming a
signal corresponding to that limit, and the multijet background
is then re-evaluated. The procedure is repeated until it converges
to a stable value. Expected and observed limits on the cross sec-
tion o (pp — G* — Byb) x BR(By — Hb) x BR(H — bb), where
o(pp — G* — Byb) represents the cross section of the process
pp — G* — Byb and its complex conjugate, as well as the theo-
retical cross section for the benchmark model, with its theoretical
uncertainty, are shown in Table 5. Limits for the particular cases
where mp, = mg+/2 and mp, = mg« - 250 GeV are shown in
Figs. 3 and 4.

9. Conclusion

A search for a heavy gluon and a charge —1/3 vector-like quark
in the process pp — G* — Byb, with By — bH and H — bb, has
been performed using an integrated luminosity of 19.5 fb~' of pp
collision data recorded at /s = 8 TeV with the ATLAS detector at
the LHC. The main background, multijet production, is estimated
with a data-driven technique. Five signal regions are defined based
on the choice of jet assignment to the By candidate and on lower
mass requirements for the reconstructed G* and By. No signifi-
cant excess over the SM predictions is observed and upper limits
have been set at the 95% confidence level on the total cross sec-
tion times branching ratio in the two-dimensional plane of mg=
vs. mp,, with mg+ <2mp,,. Using a benchmark model presented in

o) 10* E
= E ATLAS . Oppgory * 10 PDF error
a C ‘
-? [ {s=8TeV,19.5f" Observed 95% CL upper limit
E — ———— Expected 95% CL upper limit
e .
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Fig. 4. Observed (solid) and expected (dashed) 95% C.L. upper limits on the cross
section o (pp — G* — Byb) x BR(By — Hb) x BR(H — bb) for VLQ mass points

with mp, = mg+ — 250 GeV, from the combined merged and resolved analyses,
as well as the theoretical prediction based on parameters given in Section 3. The
uncertainty band around the theory cross section reflects the uncertainty in the
CTEQ6.6 PDFs.

Ref. [23], a lower limit of 2.0 TeV on the G* mass is obtained when
meg+ = ZmBH.
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