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A search for the production of a heavy B quark, having electric charge —1/3 and vector couplings to W,
Z, and H bosons, is carried out using proton-proton collision data recorded at the CERN LHC by the CMS
experiment, corresponding to an integrated luminosity of 19.7 fb~!. The B quark is assumed to be pair
produced and to decay in one of three ways: to tW, bZ, or bH. The search is carried out in final states with
one, two, and more than two charged leptons, as well as in fully hadronic final states. Each of the channels
in the exclusive final-state topologies is designed to be sensitive to specific combinations of the B quark-
antiquark pair decays. The observed event yields are found to be consistent with the standard model
expectations in all the final states studied. A statistical combination of these results is performed, and upper
limits are set on the cross section of the strongly produced B quark-antiquark pairs as a function of the B
quark mass. Lower limits on the B quark mass between 740 and 900 GeV are set at a 95% confidence level,
depending on the values of the branching fractions of the B quark to tW, bZ, and bH. Overall, these limits

are the most stringent to date.
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I. INTRODUCTION

The discovery of a Higgs boson [1-3] has intensified the
search for physics beyond the standard model (SM).
Various extensions of the SM predict the existence of
new heavy quarks, which arise quite naturally in grand
unification schemes [4] and in composite Higgs [5,6], little
Higgs [7-10], and top quark condensate [11] models. The
couplings to the SM gauge bosons of the left- and right-
handed components of these quarks are symmetric,
so they are called vectorlike [12]. Vectorlike quarks may
be singlets, doublets, or triplets under the electroweak
SU(2) x U(1) transformation [13]. They have bare mass
terms that are invariant under the electroweak gauge
transformation [14]. Moreover, their couplings to the scalar
sector are independent of mass. Thus, the existence of
vectorlike quarks is not ruled out by the recent discovery of
a Higgs boson, in contrast to additional quarks in more
conventional fourth-generation models [15].

In several beyond the standard model scenarios, vector-
like quarks are considered partners of the top and bottom
quarks [16]. Both the charged-current [17] and the flavor
changing neutral current (FCNC) [18,19] decay processes
are allowed. The ratio of the predicted rates depends on the
model: in some models the FCNC process dominates [20];
in others the two modes are comparable in rate.
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This paper describes the search for a vectorlike B quark
of electric charge —1/3, using data recorded by the CMS
experiment from proton-proton collisions at a center-of-
mass energy of 8§ TeV at the CERN LHC in 2012. It is
assumed that B quark-antiquark pairs are produced strongly
for B quark masses within the range of this search, which
extends to 1 TeV. The B quark may decay either via the
charged-current process B — tW or via the FCNC proc-
esses B — bZ and B — bH. Feynman diagrams for the B
quark pair production and decay processes are shown in
Fig. 1. Searches are performed in several different final
states, including those containing single leptons, lepton
pairs (dileptons) of opposite or identical charge, three or
more leptons, or consisting entirely of hadronic activity
without any identified leptons. We search for an excess of
events over the backgrounds in mutually exclusive final
states and set limits on the pair-production cross section
for all values of the B quark branching fractions with the
constraint B(B — tW) + B(B — bZ) + B(B — bH) = 1.

Experimental searches for a vectorlike B quark have
previously been reported by experiments at the Fermilab
Tevatron and the CERN LHC. A 95% C.L. lower limit on
the mass of the B quark was set at 268 GeV by the CDF
Collaboration [21]. Recently the ATLAS Collaboration set
lower limits on the B quark mass ranging from 575 to
813 GeV, for different combinations of the B quark
branching fractions [22]. The present analysis improves
upon these existing results, setting the most stringent limits
to date on the mass of the vectorlike B quark.

The paper is divided into several sections. Section II
gives an overview of the CMS detector. Section III
describes the details of the simulations used for signal
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FIG. 1. Feynman diagrams for the dominant B quark pair-
production process (top) and for the B quark decay modes
(bottom).

b

and background processes. Section IV describes the
reconstruction of physics objects and the event selections
specific to each individual channel considered in this
analysis. Section V describes background estimation tech-
niques for each of the channels, as well as the specific
methods used to discriminate the B quark signal from the
background, while Sec. VI describes the systematic uncer-
tainties evaluated for each channel and their treatment in
combination. Finally, Sec. VII provides further details on
the combination of analysis channels, and Sec. VIII
presents the results obtained from this analysis. A summary
is presented in Sec. IX.

II. CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel
and two end cap sections. Muons are measured in gas-
ionization detectors embedded in the steel flux-return yoke
outside the solenoid. Extensive forward calorimetry com-
plements the coverage provided by the barrel and end cap
detectors. The first level of the CMS trigger system,
composed of custom hardware processors, uses informa-
tion from the calorimeters and muon detectors to select
the most interesting events in a fixed time interval of less
than 4 ps. The high-level trigger processor farm further
decreases the event rate from around 100 kHz (the
maximum allowed output from the first level) to around
400 Hz, before data storage. A more detailed description of
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the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [23].

II1. SIGNAL AND BACKGROUND SIMULATION

The following section details the simulation methods
used to generate events for modeling the signal and
background processes. One of the main backgrounds in
many of the channels is SM 7 production. This process is
simulated with the MADGRAPHvs5.1.1event generator [24],
using the CTEQG6L1 parton distribution function (PDF)
[25]. Events are interfaced with PYTHIAv6 [26] for shower
modeling and hadronization. These simulation methods are
used for the W + jets and Z + jets samples, in addition to
SM ff production. For W + jets and Z + jets events, up to
four additional partons are allowed at the matrix element
level during generation.

Diboson processes WW, WZ, and ZZ are generated with
PYTHIA 6.424, and single top quark processes (tW, s-channel,
and t-channel) are generated using POWHEG 1.0 [27-30] and
interfaced with PYTHIA for shower modeling and hadroniza-
tion. Both the diboson and single top processes are generated
with the CTEQ6M PDF set. The rare processes t1W, {fZ, and
tbZ are simulated withMADGRAPHvS.

Normalizations for the background processes are ini-
tially set according to theoretical predictions and are
allowed to vary within the corresponding uncertainties
during cross section limit extraction. For W 4 jets and
Z + jets processes, we use the calculations found in
Refs. [31-33]. For ¢f and single top samples, we normalize
using cross sections calculated in Refs. [34] and [35],
respectively. Finally, for diboson and rare processes, we use
cross sections computed in Refs. [36] and [37,38],
respectively.

To model the kinematic properties of the pp — BB
signal process, we use samples of simulated events pro-
duced with the MADGRAPHvS generator and CTEQ6L1 PDF
set, allowing for up to two additional partons in the final
state of the hard scatter matrix element. The generated
events are then interfaced with PYTHIAv6 for parton shower
modeling and hadronization.

Samples are generated for B quark masses between 500
and 1000 GeV, in steps of 50 GeV, for each of the six
distinct combinations of decay products: tWtW, tWbZ,
tWbH, bZbZ, bHbZ, and bHbH. The standard model
final states identical to those listed here are not considered,
as the rates are negligible relative to the other background
processes. By reweighting events from these different
samples, an arbitrary combination of branching fractions
to tW, bZ, and bH can be probed. To normalize the
simulated samples to expected event yields, we use cross
sections computed to next-to-next-to-leading order
(NNLO) using both HATHOR [39] and Top++2.0[40]. The
numerical values used for the B quark pair-production cross
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TABLE 1. Production cross sections for pp — BB, used to
normalize simulated signal samples to expected event yields. The
cross sections are computed to NNLO with Top++2.0 [40].

M(B) (GeV) Cross section ¢ (pb)
450 1.153
500 0.590
550 0.315
600 0.174
650 0.0999
700 0.0585
750 0.0350
800 0.0213
850 0.0132
900 0.00828
950 0.00525
1000 0.00336

sections as a function of mass, generated with TOP++2.0
[402.0, are listed in Table I.

Finally, to reproduce the LHC running conditions,
simulated events are reweighted to match the observed
distribution of the number of reconstructed primary vertices
per bunch crossing in data.

IV. EVENT RECONSTRUCTION

Events from the LHC collision data or from simulation
are reconstructed using the particle flow (PF) algorithm
[41,42], which collects information from all subdetectors to
reconstruct all detected particles in an event. Events are
required to have at least one reconstructed vertex. The
interaction vertex with the largest sum of the transverse
momentum squared p3 of associated tracks is considered
the primary interaction vertex. Charged particles originat-
ing from other vertices due to additional inelastic proton-
proton collisions within the same bunch crossing (pileup)
are rejected.

Electron candidates are reconstructed from clusters of
energy deposited in the ECAL matched to charged particle
trajectories identified in the tracker [43]. Electrons and
muons with pr above 30 GeV and pseudorapidity || < 2.4
are accepted, excluding electrons with 1.44 < || < 1.57,
in the transition region between the ECAL barrel and end
cap. The muon candidates are reconstructed using infor-
mation from the tracker and the muon spectrometer. Muon
candidates are required to have only a small amount of
energy deposited in the calorimeters. Further quality
requirements are imposed on the muon tracks and the fit
to the matched segments in the muon detectors [44]. Only
tracks originating from the primary interaction vertex are
considered.

Electron and muon candidates are reconstructed and
identified based on quality selection requirements, while
hadronically decaying tau leptons (z;,) are identified using
the Hadron Plus Strip (HPS) [45] algorithm, which relies on
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hadrons and photons to construct the various tau lepton
hadronic decay modes. The HPS PF tau leptons are required
to have pr > 20 GeV and || < 2.3. Additionally, we
require 7, to be separated by AR=+/(An)*>+(A¢)>>0.1
from electron and muon candidates, where ¢ is the azimu-
thal angle.

The isolation of the lepton candidates (including elec-
trons, muons, and decays of tau leptons to electrons or
muons) is measured by the activity in a cone of aperture AR
around the lepton direction at the primary vertex. The pt of
charged particles originating at the primary vertex and the
pr of the neutral particles and photons are summed in this
cone (excluding the lepton candidate itself) to obtain the
isolation variable. Contributions to the neutral hadron and
photon energy components due to pileup interactions are
subtracted. For the electron isolation, this contribution is
determined using the jet area technique [46], which
computes the transverse energy density of neutral particles
using the median of the neutral energy distribution in a
sample of jets with pr >3 GeV. In the case of the
muons, the pileup energy density from neutral particles
is estimated to be half of that from charged hadrons, based
on measurements performed in jets [47]. The difference
between the isolation algorithms arises because electrons
and muons are reconstructed using different techniques.
Electrons, with large energy deposition in the calorimeters,
behave similarly to jets in this respect, while the
reconstruction of muons relies more heavily on tracking
information. The isolation value, defined as the energy
reconstructed in a cone of AR =0.3 (0.4) around an
electron (muon) candidate, is required to be less than
0.15 (0.12) times the electron (muon) pr for the lepton to
be considered isolated. The lepton identification and
isolation conditions remove most of the nonprompt lepton
backgrounds.

Particles are clustered to form hadronic jets using the
anti-k7 algorithm [48] with a distance parameter of 0.5.
Throughout this paper such clusters are referred to as AKS
jets. The AKS5 jets with pr > 30 GeV and || < 2.4 are
selected, with further requirements that the jet has at least
two associated tracks and that at least 1% of the jet energy
fraction is measured in the calorimeters, to remove poorly
reconstructed jets. Jet energy corrections are applied; these
are derived from simulation and are matched to measure-
ments in data [49].

Jets arising from the hadronization of b quarks (b jets)
are identified using the combined secondary vertex (CSV)
b-tagging algorithm [50], which uses information from
tracks and secondary vertices associated with jets to
compute a likelihood-based discriminator to distinguish
between jets from b quarks and those from charm or light
quarks and gluons. The b-tagging discriminator returns a
value between O and 1, with higher values indicating a
higher probability of the jet to originate from a bottom
quark. A discriminator threshold is chosen which gives a
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b-tagging efficiency of about 70%, with a mistagging rate
of about 1.5% for jets originating from light-flavor quarks
or gluons with pt in the range of 80-120 GeV. The
b-tagging efficiency is measured in data and simulation,
and corrections are applied to simulated events to account
for any differences, as a function of pr and 5 [51]. The
missing transverse momentum vector is defined as
the projection on the plane perpendicular to the beams
of the negative vector sum of the momenta of all recon-
structed particles in an event. Its magnitude is referred to as
Er. The quantity Sy is defined as the scalar sum of the py of
the jets, lepton pp, and Ep in the event.

At very high Lorentz boost, the products of hadronically
decaying bosons may be merged into a single reconstructed
jet. In this regime, the W, Z, or Higgs bosons are identified
as jets clustered with the Cambridge-Aachen algorithm
[52,53] using a larger distance parameter of 0.8 [54]. In
this paper, they are referred to as CAS jets. For bosons with
pt above approximately 200 GeV, decay products are
expected to be clustered into a single CAS8 jet. Each CAS jet
can be decomposed into constituent subjets using a jet
pruning algorithm [55] to resolve those decay products.
The pruning algorithm removes soft and wide-angle com-
ponents of the jet during a reclustering, and the last iteration
of the clustering process is reversed to identify two subjet
candidates within each pruned jet. Jet properties such as jet
mass, N-subjettiness [56] (used to determine the consis-
tency of a jet with N hypothesized subjets), and the mass
drop, defined as the ratio of the most massive subjet to the
mass of the pruned jet, are used to identify these bosons.

The trigger selection for each channel entering the
combination can be different, depending on the final state
of interest. For the single-lepton channel, two trigger
selections are utilized: either a single electron with
pt > 27 GeV or a single muon with pr > 40 GeV. For
both of the lepton pair channels, as well as the multilepton
channel, three trigger algorithms are used for final states
including two electrons, two muons, or one electron and
one muon. In each of these dilepton trigger algorithms,
events are selected if the highest-pt lepton has pt >
17 GeV and the second-highest pr lepton has
pr > 8 GeV. No charge requirement is applied in the
trigger selection, allowing these trigger algorithms to be
used in all three channels with two or more leptons. Finally,
the all-hadronic channel uses a trigger algorithm requiring
the total scalar pr sum of reconstructed jets (with pt >
30 GeV and |5| < 3.0) in the detector to be greater than
750 GeV. The offline requirements for each channel of the
analysis are designed to be fully efficient given these trigger
requirements. Differences in the trigger selections used
between analysis channels lead to small differences in the
total amount of integrated luminosity utilized in each
channel.

The details of the event selections for each individual
analysis channel are given in the following subsections.
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TABLE II. A summary of analysis channels entering the
combination, along with the number of selected leptons, the
variable used for signal discrimination, and the B quark decay
mode providing the best sensitivity for the channel.

Number of  Discriminating Best decay
leptons variable mode
Lepton + jets 1 St tw
Same-sign 2 St tW
dilepton
Opposite-sign 2 M(¢¢Dh) bz
dilepton
Multilepton >3 St tW, bZ
All-hadronic 0 Hy bH

Table II summarizes these channels in terms of their
defining characteristics: the number of selected leptons,
the discriminating variable used for limit setting, as well as
the decay mode of the B quark for which the channel is
most sensitive.

A. Lepton + jets channel

Charged leptons from the decays of W and Z bosons
are selected using the criteria described in Sec. IV and are
required to be isolated from jets. The lepton trajectories
are also required to have a transverse impact parameter of
less than 0.02 cm and a longitudinal impact parameter of
less than 1 cm in magnitude, relative to the primary vertex.
The final selection requires events to have exactly one
isolated lepton and at least four jets with pt > 200, 60,
40, 30 GeV, respectively, of which at least one is a bottom
jet. The minimum number of jets and the jet pr require-
ments are selected to enhance sensitivity to the BB signal
with B — tW decays. To further suppress the SM back-
grounds, we use the centrality, C, defined as the scalar
sum of the pr of the jets divided by the scalar sum of the
jet energies, requiring C > 0.4. We require events to have
Er > 20 GeV. Corrections due to differing trigger, lepton,
and b jet identification efficiencies in data and simulation
are applied to simulated events.

Events are divided into categories containing 0, 1, or > 2
tagged hadronically decaying W, Z, or Higgs bosons using
the CAR8 jets. The identification criteria for these signatures
require the CAS jet to have pr greater than 200 GeV and to
be matched to an AKS jet. The AKS jets matched to CAS8
jets are then excluded from b-tagging requirements. The
two subjets identified with the pruning algorithm [55] are
required to have an invariant mass between 50 and
150 GeV, to be consistent with a W, Z, or Higgs boson.
To further reduce SM backgrounds, the mass drop is
required to be less than 0.4. The efficiency of this
heavy-boson tagging algorithm is approximately 50%
[57], and correction factors are applied to compensate
for efficiency differences between data and simulation. To

112009-4



SEARCH FOR PAIR-PRODUCED VECTORLIKE B ...

discriminate the B quark signal from the expected back-
grounds, the St distribution is used.

B. Same-sign lepton pair channel

Events enter the same-sign (SS) dilepton channel if they
contain two leptons (ee, up, and eu) having the same
electric charge. Events containing an additional recon-
structed electron, muon, or tau lepton candidate are
removed from the final selection. This channel is optimized
for B — tW decays but maintains some sensitivity for bZ
and bH decays. In events with a top quark and a W boson,
high hadronic activity is expected in addition to the lepton
pair, and therefore events are included in the signal region
only if they contain four or more jets in addition to the
lepton pair.

In this channel the B quarks are not fully reconstructed.
Instead, to discriminate signal from background, the St
distribution is used. Events with E; > 30 GeV are catego-
rized into five St bins (0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.2,
and St > 1.2 TeV) for each of the dilepton channels.

C. Opposite-sign lepton pair channel

In this channel, optimized for the B decaying to a Z
boson and b quark, the Z boson candidates are recon-
structed from pairs of electrons or muons having opposite
electric charge, with the identification and isolation criteria
previously described. The two highest pt leptons of the
same flavor but opposite charge are used. The pairwise
invariant mass of these two objects, M(£¢), where £
represents an electron or a muon, is required to be in
the range of 60-120 GeV, consistent with lepton pairs
originating from a Z boson decay. Furthermore, the Z —
¢+ ¢~ candidates are required to have pr(££) > 150 GeV.
Events are further required to have at least one b jet with
pr > 80 GeV. The requirements are optimized to select Z
bosons and b jets originating from the decay of a heavy B
quark (>500 GeV), where the decay products are
expected to have large pr. The kinematic properties of
one B quark are reconstructed from the Z boson and the
highest-pr b jet, with M(££b) used to discriminate the B
quark signal. The invariant mass distributions of the B
quark candidates for different M(B) are shown in Fig. 2. A
signal peak can be identified over a continuous falling
background. This reconstruction strategy allows the other
B quark from the BB quark-antiquark pair to decay into
bZ, bH, or tW.

D. Multilepton channel

Events in this channel must have at least three leptons,
consisting of electrons, muons, or tau leptons decaying into
fully hadronic states (z},). The highest pt (leading) electron
or muon is required to have pt > 20 GeV, and the
subleading leptons are required to have pr > 10 GeV.
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FIG. 2. The reconstructed mass of the B quark candidate in the
opposite-sign lepton pair channel, using the invariant mass of the
dilepton and b jet in simulated events.

The pr selection criteria are chosen such that the triggers
are fully efficient on these events.

We sort multilepton events into exclusive categories
based on the number of leptons, lepton flavor, and relative
charges, as well as the kinematic quantity St. First, we
separate events containing hadronically decaying tau lep-
tons, as their reconstruction is less efficient and this results
in lower-purity categories.

Next, we classify each event in terms of the maximum
number of opposite-sign and same-flavor (OSSF) lepton
pairs that can be made by using each lepton only once. For
example, both ™ u~u~ and pu™u~e™ contain only one pair
of OSSF leptons and are denoted OSSF1, u" ™ e~ contains
no such OSSF pair and is denoted OSSFO, while up~e*e™
contains two such pairs and is denoted OSSF2. Thus
orthogonal categories of events are defined that contain
0, 1, or 2 OSSF lepton pairs. These categories are further
divided, depending on whether or not a lepton pair has
M(¢7¢) in the range 75-105 GeV, consistent with a Z boson
decay. Same-flavor dilepton pairs consistent with low-mass
resonances are excluded from the search region with a
requirement of M(£¢) > 12 GeV.

E. All-hadronic channel

The final channel contributing to the search for B quarks
includes events reconstructed in an all-hadronic topology,
to increase sensitivity to the bH decay mode of the B
vectorlike quark. The search in this channel is designed for
Higgs bosons decaying to a pair of b quarks. Because of
the high mass of the B quark, the Higgs boson is expected
to be highly Lorentz boosted; consequently the b quarks
from the Higgs boson decay have a small angular separa-
tion. To reconstruct this signature, jet substructure algo-
rithms are used. The Higgs boson is reconstructed using a
single CAS jet. This jet is required to have pp > 300 GeV.
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The pruned jet mass is required to be in the range
90 < M(jet) < 140 GeV, to be consistent with the Higgs
boson mass. The N-subjettiness observables 7, and 7; [56]
are used to further increase the purity of events containing
the two-prong decay of the Higgs boson in the H — bb
decay mode. We require the condition 7,/7; < 0.5 to
ensure that jets containing two distinct deposits of energy
(subjets) are selected as the H — bb candidates. Finally,
the two identified subjets are required to be individually
b tagged using the CSV algorithm. Jets satisfying all of
these criteria are known as H-tagged jets. At least one
reconstructed H-tagged jet is required for the final event
selection.

Events are also required to have at least one additional
b-tagged jet, to reconstruct the b quark originating directly
from the B quark decay. Events are categorized according
to the number of b-tagged jets: exactly one or at least two.
To further reduce background contributions to the event
selection, a requirement is made on Hr, defined for this
channel as the scalar pr sum of all AKS jets with pt above
50 GeV. A requirement of Ht > 950 GeV maintains a high
signal sensitivity while eliminating most of the multijet
background.

V. ESTIMATION OF BACKGROUNDS

In this section we describe the variety of the methods
used to estimate the background contributions for each of
the channels contributing to the search. Detailed descrip-
tions of the systematic uncertainties applied to these
methods, and shown in the figures presented here, can
be found in Sec. VL.

A. Lepton + jets channel

The dominant background contribution to the Lepton +
jets analysis is SM top quark pair production, accounting
for 77% of the expected background yield. Other processes
also contribute, including W/Z + jets, single top quark,
diboson, and 77 plus vector boson production, which
together account for 17% of the expected background
yield. The electroweak backgrounds are taken from sim-
ulation. The remaining contribution to the background
estimation is due to multijet events. To model and estimate
the contribution from these processes, control samples in
data are used. The St shape is taken from a multijet-
enriched region defined by the selection of nonisolated
leptons, or, in the case of electrons, those failing the
identification criteria. The St shapes from nonisolated
leptons and isolated leptons were compared for several
kinematic selections in both channels and were found to be
consistent. The normalization is obtained by fitting the £y
distribution in data individually in the 0, 1, and >2 boson
categories. The electroweak backgrounds are constrained to
their expected cross sections and allowed to float within
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uncertainties, while the multijet normalization is allowed to
float freely in these fits.

Events are categorized based on the flavor of the
identified lepton, as well as the number of identified
heavy-boson-tagged jets (V tags), including 0, 1, and
>2. Figure 3 shows the St distributions for these
categories, which are used for signal discrimination in this
channel.

B. Same-sign lepton pair channel

The background contributions for the dilepton channel
with same-sign leptons are divided into distinct categories.
The first category includes events with two prompt leptons
having the same charge. This category of events represents
an irreducible background composed of various SM proc-
esses, including W, tfZ, diboson, and triboson produc-
tion. These background contributions are modeled using
simulated events.

A second category of background events arises when
the charge of one of the leptons from an oppositely
charged pair is mismeasured, which happens most
frequently in the same-sign ee channel. To model this
contribution, the charge misidentification rate is mea-
sured using a control sample enhanced in Z + jets and 7
events having two leptons in the final state. The charge
misidentification rate is extracted from the ratio of the
number of events in this selection having same-sign
lepton pairs to the number of events having those of
opposite sign. This contribution to the background
model is then normalized by selecting opposite-sign
lepton pairs in the signal region and multiplying by this
charge misidentification rate.

Finally, there can be events passing the selection
containing either one or two nonprompt leptons that pass
the analysis lepton criteria. To estimate this background
contribution a looser lepton selection is applied, where
the isolation requirement is relaxed for electrons; the
isolation, impact parameters, and track quality require-
ments are relaxed for muons. Leptons passing these
relaxed criteria are known as “loose” leptons, while those
passing the signal region selection are known as “tight”
leptons. Using data events, misidentification rates for
nonprompt leptons to be reconstructed as tight leptons are
measured (f;, where i is 1 for the leading and 2 for the
subleading nonprompt lepton), along with the rates for
prompt leptons to be reconstructed as tight leptons (p;,
where i is the index of the prompt lepton in this case).
Using these loosened selection criteria, the expected
yields for events containing 0, 1, or 2 nonprompt leptons
(Ny¢gs Nprsrps Npp» respectively, where the subscript f
refers to misidentified leptons) can be computed by using
the observed numbers of events containing 0, 1, or 2 loose
leptons (Nrp, Nyp/prs Npp, respectively), according to
the relation shown in Eq. (1):
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FIG. 3. The St distributions in the 0, 1, and >2 V-tag categories in the electron + jets channel (left) and muon + jets channel (right).
The uncertainty bands shown include statistical and all systematic uncertainties, added in quadrature for each single bin. The horizontal
bars on the data points indicate the bin width. The difference between the observed and expected events divided by the total statistical
and systematic uncertainty of the background prediction (pull) is shown for each bin in the lower panels.
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After using this method to estimate the background from the contributions containing nonprompt leptons, the St
distribution is used to discriminate signal events from background. The St distributions for the dielectron, dimuon, and

electron-muon channels are shown in Fig. 4.
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FIG. 4. The St distributions used for signal discrimination in the same-sign dilepton channel. The distribution is shown for the three
dilepton categories used: dielectron (top left), dimuon (top right), and electron-muon (bottom). The horizontal bars on the data points
indicate the bin width. The difference between the observed and expected events divided by the total statistical and systematic
uncertainty of the background prediction (pull) is shown for each bin in the lower panels.
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C. Opposite-sign lepton pair channel

The main background in the opposite-sign dilepton
channel is from the inclusive Z + jets process (93%), with
the remaining fraction due to 77 + jets and diboson proc-
esses. Instead of using simulated events, control samples
in data are used to predict the normalization and shape of
the M(¢¢b) spectrum of the background. The background
is estimated from data using an ABCD method to predict
the »Z invariant mass distribution M(£¢b) in the signal
region, labeled B, using control regions A, C, and D. The
classification of the events into region A, B, C, or D is made
using event selection variables that are largely uncorrelated
for the background samples. The two variables chosen are
the number of jets, Nje,, and the b-tagging discriminator of
the highest pr jet in the event. With an identified Z boson
decaying leptonically, there will be at least two jets
expected in signal events, providing discrimination power
against SM background processes.

The selections used are (i) either Nje, = 1 or Njgs > 1
and (ii) events with the leading jet either passing or
failing the b-tagging discriminator threshold (>0.679).
These selections divide the Nje, vs b-tagging discriminator
plane into the four regions shown in Fig. 5. The signal
contribution outside the signal region B was found to be
negligible using simulated event samples. Under the
hypothesis of complete noncorrelation between N, and
the b-tagging discriminator, the number of background
events in the signal region would be given by
Ng =Ny x Np/N¢, where Ny is the number of events
in the corresponding region. However, residual correlation
between the two variables is present and must be taken into
account in the background estimation procedure. The
correlation is measured from data using an alternative
set of control regions defined using the following criteria:
(1) Njes =1 or Nj > 1 and (i) 0.244 < b-tagging
discriminator < 0.679 or b-tagging discriminator < 0.244
for the leading jet. This classification divides the Njg vs the
b-tagging discriminator plane into four regions, labeled 7,
J, K, and L, as shown in Fig. 5. These four regions are
completely contained within the previously defined regions
A and C. The ratio C = N;Ng/N;N/ is equal to 1 if Njg
and the b-tagging discriminator variables are perfectly
uncorrelated and is used to quantify the degree of corre-
lation between the two. The number of background events,
taking into account the correlations, is given by NzC. The
values of C were measured to be 1.29 + 0.08 for Z — e*e™
and 1.38 £0.07 for the Z — u*u~ channels, where the
uncertainties are statistical and related to the sample sizes in
the regions /, J, K, and L. These factors are significantly
different from unity, implying some degree of correlation
between N and the b-tagging discriminator. Closure tests
were performed with simulated samples, as well as with
data control samples with selections orthogonal to those for
the regions described above. The values of the correlation
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FIG. 5. The event distribution in the plane of Nj vs the b-

tagging discriminator value, used to define the regions A, B, C,
and D for the opposite-sign dilepton Z — e*e™ (left) and Z —
wtu (right) channels. The region B is the signal region, while the
others constitute the control regions. The regions /, J, K, and L
are used for estimation of systematic uncertainties. All other
selection criteria used to select the B quark candidates have been
applied. The area of each bar is proportional to the number of
events in a given bin of the distribution of Njy vs b-tagging
discriminator.

factors obtained were consistent within uncertainties and
stable with respect to the variation of the b-tagging
discriminator values within +10%.

While the above procedure is used to predict the total
number of background events, the shape of the M(££b)
background distribution is assumed to be the same in the
signal region and the region A. This assumption is justified
by examining the M(£¢b) distributions in the signal
region and in region A, using simulated events. The shapes
obtained are consistent within the uncertainties in each. The
total event yields in data and the estimated background are
given in Table III. The uncertainty in this background
estimation is given by a combination of the statistical and
systematic sources described in Sec. VI.

The expected yields for the signal with different B quark
masses and two different values of the branching fraction,
100% and 50%, for B — bZ are given in Table I'V. Since we
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TABLE III. Expected background yields and observed number
of events in data in the opposite-sign dilepton channel. The
background is obtained from data. The background uncertainties
include both statistical and systematic components.

Z—ete Z - putu
Expected background 379+ 70 534+79
Observed events 334 542

require exactly one opposite-charge lepton pair, the prob-
ability of identifying a B quark does not depend on the
decay of the other B quark. Figure 6 shows the mass spectra
of the reconstructed B quark candidates and the estimated
background. The expected B quark signals, for M(B) =
450 and 700 GeV, are also shown. The error bars on the
expected background are due to the statistical uncertainties
as well as the uncertainty from the background estimation
method. The overall normalization of the background
agrees with the observed number of events. The M(£¢D)
distributions in both the Z — eTe™ and the Z — utpu~
channels show some discrepancies between data and
expectation in a few bins, caused by a flavor dependence
in the reconstructed M(£¢j) distribution observed in
Z + jets events. The control region A is more enriched
in light quark flavors than the signal region B, leading to the
observed discrepancy. A systematic uncertainty is applied
to cover this effect, based on the shape differences observed
between the control regions I and J in data. In simulation,
these regions were found to have relative flavor content
similar to the regions A and B.

D. Multilepton channel

In multilepton channels, the level of the SM background
contribution varies considerably across event categories.
The categories with hadronic tau decays or OSSF lepton
pairs suffer from larger background contributions than
the others. Therefore, we improve sensitivity to new
physics by separating categories with low and high

TABLE IV. Expected signal event yields in the opposite-sign
dilepton channel, shown for B quark masses M(B) from 450 to
800 GeV and for two values of the branching fraction.

B(B — bZ) =100%  B(B — bZ) = 50%

M(B) [GeV] Z—ete™ Z-oputuy Z—ete™ Z-putu
450 214+ 13 336+ 16 102 £4 162 +5
500 122+7  209+9 56+2 94 +3
550 76 +4 114 £+ 5 3341 5442
600 36+2 66 £+ 3 17.6 £0.7 30.8+0.9
650 23 +1 4142 11.0+04 19.5+0.6
700 141407 259+1.0 65+02 120403
750 7.6+04 155+£06 3.6+£01 74+02
800 48+03 99+04 22401 4.640.1
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FIG. 6. The invariant mass of reconstructed B quark candidates
in the opposite-sign dilepton Z — ete™ (left) and Z — utp~
(right) channels. The estimated background is shown by the solid
line, along with the total uncertainty (hatched area). The last bin
of the histograms contains all events with M (£#b) > 1000 GeV.
The signal contribution is shown for two B quark masses. The
difference between the observed and expected events divided by
the total statistical and systematic uncertainty of the background
prediction (pull) is shown for each bin in the lower panels.

background contributions. We categorize events with three
leptons separately from those with four or more leptons.
Events with identified b jets, having higher background
from 77 events, are classified separately.

We consider backgrounds from rare processes such as
fiW, 1iZ, tbZ, where simulated events are used. The main
SM background sources in multilepton + jet events include
dilepton processes such as Z + jets, VV + jets, and 7 +
jets production with a misidentified lepton that passes
selection criteria and processes containing two leptons and
an additional off-shell photon that undergoes a conversion,
giving another reconstructed lepton. The above back-
grounds are estimated using simulated events, except for
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the Z + jets and W*W~ + jets backgrounds, which are
estimated from data, as described below.

Backgrounds from 7 enriched processes are estimated
from simulation, after validation in single-lepton and
dilepton control regions. In the single-lepton control region,
exactly one isolated muon with pt > 30 GeV, at least three
jets (one of which is b tagged), and St > 300 GeV are
required. The dilepton control region requires an ey
combination and is used to compare kinematic variables
such as St (see Fig. 7), Hy, and Er between data and
simulation. In this channel, Hy is defined as the scalar sum
of selected jet pr values. Additionally, the distribution of
the number of jets is reweighted to match data for both the
single-lepton and dilepton control regions.
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FIG. 7. The transverse mass My distribution of events in a
control sample of the multilepton analysis, enriched in WZ by
requiring an OSSF pair with M (£¢) in the Z boson mass window
and 50<E;<100GeV (left). The Sp distribution for events
containing an opposite-sign eu pair in the ¢f control region of
the multilepton analysis (right). Uncertainties include both stat-
istical and systematic contributions. The difference between the
observed and expected events divided by the total statistical and
systematic uncertainty of the background prediction (pull) is
shown for each bin in the lower panels.
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Standard model WZ + jets and ZZ + jets production
where both bosons decay leptonically can produce three
prompt and isolated leptons with large Hy and Ey. This
class of background is irreducible since its final state cannot
be distinguished from the signal scenario. Simulated events
are used to model this background contribution. We scale
the simulation to match the measured lepton efficiencies
and Ep resolution. We verify the simulation by comparing
to a data sample enriched in WZ production the dominant
contribution to trilepton signatures from VV -+ jets. The
WZ events are selected by requiring three leptons,
50 < Er <100 GeV, a Z boson candidate with M(£+£7)
in the range 75-105 GeV, and Ht < 200 GeV. We apply a
constant scale factor of 1.14 to the WZ simulation,
chosen to normalize the simulation to data in the region
50 < E1 < 100 GeV for the observed transverse mass of
the W boson, shown in Fig. 7.

Off-shell photon conversions can produce a lepton with
very low pr that will not pass the selection criteria or will
not be reconstructed. Drell-Yan processes with such con-
versions can lead to a significant background for the
three-lepton category. A measurement of the extrapolation
factors for photon conversions to electrons or muons is
performed using data events. We measure the extrapolation
factors in a control region devoid of signal events, with
low Hy and Ep. The ratio of the number of events
with |M(£1¢=¢'%) = M(Z)| < 15 GeV or [M(£T¢-¢%) -
M(Z)| <15 GeV to the number of events with
|M(£T¢7y) — M(Z)| < 15 GeV defines the extrapolation
factor, which is 2.1 +0.3% (0.7 +0.1%) for electrons
(muons). The measured extrapolation factors are then used
to estimate the background in the signal region from the
observed number of £+ £~y events in the search region. The
lepton selections of this channel strongly reject external
conversions, where an on-shell photon converts to an £*£~
pair in the material of the detector.

We use data to estimate background contributions
from processes with two genuine leptons and one or
more misidentified leptons such as Z(£7¢) + jets and
WHTW~(¢¢ + Et) + jets. In order to estimate background
from jets producing misidentified light-lepton candidates
that appear to be prompt and isolated, we use data events
containing two reconstructed leptons and an additional
isolated track. This contribution is then scaled by an
extrapolation factor relating isolated tracks to lepton
candidates from jets. This light-lepton extrapolation factor
is measured in control samples where no signal is expected,
such as in the low-Ep or low-Hy regions. We measure the
extrapolation factor between isolated tracks and electron
(muon) candidates to be 0.7 + 0.2% (0.6 £ 0.2%), using a
data sample dominated by Z + jets. The contribution from
backgrounds containing a misidentified third lepton is
determined by multiplying the number of events containing
isolated tracks in the sample with two leptons by the
light-lepton extrapolation factor. Similarly, we estimate
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misidentified background contributions for the four-lepton
selection by examining two-lepton events with two addi-
tional isolated tracks. Since the light-lepton misidentifica-
tion rates vary with the b quark content across the control
samples, the rate is determined as a function of the impact
parameter distribution of nonisolated tracks in data.

Unlike electrons and muons, hadronically decaying tau
leptons cannot be easily identified without an isolation
requirement. Therefore, the dominant background in tau
identification is from jets reconstructed as 7;, candidates. To
measure this contribution, we loosen the isolation require-
ments on reconstructed tau leptons to get an extrapolation
factor between nonisolated taus and isolated taus. We
extrapolate the sideband region, 6 <1 < 15 GeV, to a
signal region, I < 2 GeV, where [ is defined as the amount
of energy reconstructed in a cone of AR < 0.3 around the
tau lepton candidate, excluding the tau lepton candidate
itself. We measure the extrapolation factor for jets recon-
structed as taus, defined as the ratio of the number of tau
candidates in the signal region to the number in the
sideband region, to be 20 + 6%. The ratio is applied to
a selection of events in a sideband region containing two
light leptons and a tau lepton to estimate the contribution
from misidentified 7}, candidates.

Events are divided into categories based on the recon-
structed objects, using the background estimates described
above. These categories include the number of identified
leptons, number of identified tau leptons, number of b-
tagged jets, and number of Z bosons reconstructed with an
OSSF lepton pair. Figure 8 shows the St distribution for
two of these event categories. To further discriminate
the B quark signal from SM background events, the St
distribution is divided into several individual bins: 0-0.3,
0.3-0.6, 0.6-1.0, 1.0-1.5, 1.5-2.0, and >2.0 TeV. These
bins are chosen such that the SM backgrounds fall mainly
in the lowest two St bins, while the signal events occupy
the higher St bins. Each of these bins is used as the basis
for a counting experiment in the final analysis; no further
shape discrimination is used within an individual St bin.

E. All-hadronic channel

The dominant background for the all-hadronic channel
comes from SM multijet production. The smaller /7 + jets
background is obtained from simulation, with corrections
to account for differences between data and simulation.
The nontop multijet background is obtained from the data.
For the multijet background, an ABCD method is used to
categorize events into four different categories.

First, events are sorted into categories with H-tagged jets
or “anti-H-tagged” jets. Events may contain H-tagged jets,
as described in Sec. IV E. For events not containing H-
tagged jets, the criteria of anti-H-tagged jets are defined as
follows. Pruned CAS jets are selected such that both the
pruned subjets have the b-tagging discriminator variable
between 0.244 and 0.679. All other criteria are the same as
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FIG. 8. Distributions of St for two event categorizations in the
multilepton channel: (top) three leptons, no tau leptons, at least
one b-tagged jet, and no reconstructed Z boson candidate;
(bottom) four leptons, one tau lepton, no b-tagged jets, and
one reconstructed Z boson candidate. Uncertainties include both
statistical and systematic contributions. The data-driven contri-
bution includes contributions from two genuine leptons and one
or more misidentified leptons. The horizontal bars on the data
points indicate the bin width.

those for the H-tagged jets. This sideband of the b-tagging
discriminator variable selects jets enriched in backgrounds
with a negligible contribution from signal events.

Next, the pruned mass of the leading H-tagged jet or
anti-H-tagged jet defines the second selection. Higgs boson
candidates, i.e., H-tagged jets with 90 < M ;54 < 140 GeV
form the first category of events. This is the signal region,
labeled as B. Events with M. < 80 GeV form the
second category, labeled as A. Likewise anti-H-tagged
events are categorized into the C and D categories depend-
ing on whether the leading anti-H-tagged jet satisfies 90 <
M prinea < 140 GeV or Mypneq < 80 GeV, respectively.

Since the event classification variables are uncorrelated,
the relation Ny = NyN/Np, gives the background yields
N in the signal region B based on the yields N ¢ p in the
sideband regions A, C, or D, respectively.

Closure tests of the background estimation method were
performed separately using simulation and data, with a
control sample consisting of events with no b jets. For the
b-jet veto, events with AKS5 jets with pp > 30 GeV and
having a b-tagging discriminant value greater than 0.244
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TABLE V. Closure test of the background estimation method
for the all-hadronic channel, in the data using a control sample
with no b jets. The background is estimated from the sideband
regions A, C, and D. The product N4 (N¢/Np) is compared with
the actual background observed in region B in the data. The
uncertainties correspond to the statistical uncertainties from
limited sample sizes. The agreement obtained is within the
uncertainties.

Yields in 1 jet Yields in > 2 jet

category category
Background 2059 £70 2456 £79
estimation
True background 2087 2449

are rejected. The b-jet veto criteria applied are stricter than
the selection criteria of b jets used for selecting signal
events; thus the control sample is orthogonal to the signal
sample. In this case, the region B still contains Higgs
candidates, and the rest of the sidebands A, C, and D are as
defined above, but without any b jet.

In the b-jet-vetoed sample, two separate event categories
are defined: one with exactly one AKS jet with pt >
80 GeV and the other with >2 AKS jets with
prt > 80 GeV. In both the simulated sample and in the
data, the estimated and actual numbers of background
events in the signal region B are found to be in agreement.
Furthermore, the distributions of Hy for the predicted and
the actual background are consistent within measurement
uncertainties. The predicted and actual background yields
in the data control sample are given in Table V, while the
agreement in the predicted and actual background Hry
distributions is shown in Fig. 9.

After closure tests are performed, the ABCD background
estimation method is applied to the signal region, and the
estimated backgrounds in the 1b jet, the >2b jets, and
combined categories are shown in Table VI. The back-
ground estimated in this way is in agreement with the
observed number of events. The Ht distributions in the
categories with 1 and >2b jets are shown in Fig. 10 and
show agreement in both shape and normalization with the
observed Ht distributions. The uncertainty in the back-
ground estimation is propagated from the statistical uncer-
tainties of the samples in the sideband regions and also
includes the statistical uncertainties in the control samples.
No additional systematic uncertainty has been assigned.
Upper limits on the BB cross section are derived using
these distributions.

VI. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty are considered
when testing for the presence of B quark signal events.
These uncertainties include those associated with detector
measurements such as jet and lepton reconstruction
and the luminosity determination, as well as theoretical
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FIG. 9. Background closure test in the data control samples of
the all-hadronic analysis with no b jets and exactly one AKS jet
with pr > 80 GeV (left) and with >2 AKS jets with pr >
80 GeV (right). The red data points represent the actual back-
ground as derived from data. The blue dashed line represents the
predicted background, with the hatched area depicting the
corresponding uncertainty. The difference between the observed
and predicted background divided by the total uncertainty in the
background prediction (pull) is shown for each bin in the lower
panels.

uncertainties in the cross section due to the choice of
renormalization and factorization scales. Finally, there are
uncertainties specific to individual analyses, such as those
arising from background estimation methods using data. In
this section we detail the sources of systematic uncertainty
affecting the various analyses of individual channels of
which the results are then combined for the overall result.
Table VII summarizes these sources.

The jet energy scale and the jet energy resolution
uncertainties are taken as fully correlated between each
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Estimated background and the event yields in the data for the 15 jet, >2b jets, and combined event

categories in the all-hadronic channel. The uncertainties in the background yields are obtained by propagating the

statistical uncertainties from the sideband samples.

Yields after full selection

Yields in 1b-tagged category

Yields in >2b-tagged category

Estimated 87274 82574 461,
background
Data 903 860 43
of the individual channels. These uncertainties are asso-
19710 (8 TeV) ciated with the calibra.tion of the .jet energy response.in thp
T detector readout. This calibration procedure, which is
10°s- CMS Data dependent on jet pr and pseudorapidity, leads to an
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FIG. 10. The Hy distributions in the 15 jet (left) and the >2b
jets event categories (right) for the all-hadronic analysis. The blue
solid line depicts the estimated background, with the hatched area
showing the measured uncertainty in the background. The signal
contributions for two B quark mass points, 500 and 800 GeV, are
overlaid. The bin width is chosen to have a statistically significant
number of events in every bin. The difference between the data
and the estimated background divided by the total uncertainty in
the background (pull) is shown for each bin in the lower panels.

approximately 10% uncertainty in the normalization of
event yields. This uncertainty is applied on an event-by-
event basis, resulting in an additional shape effect. As we
observe a difference between the simulated jet energy
resolution and the jet energy resolution measured in data,
we smear the jet energies in simulation to reflect the energy
resolution observed in data. This procedure introduces a
small uncertainty in the shape of jet kinematic properties in
simulated events, including a normalization effect of less
than 5%.

In addition to the uncertainty in the measurement of
integrated luminosity of 2.6% [58], several scale factors
(SF) are applied to simulated events to reflect the
differences with data in reconstruction efficiencies for
various objects used in the event selections. The uncer-
tainties in these SF measurements are applied to the
relevant events. These uncertainties vary for individual
channels, but they include SF uncertainties for the electron
and muon identification and efficiency values, typically
1%—-2%, as well as SF uncertainties for the b-tagging
algorithms used, at approximately 5%, and finally specific
SF uncertainties for the identification of hadronically
decaying high-pt W, Z, or Higgs bosons, which can be
up to 10% depending on the algorithm used, resulting from
the number of events used to measure the appropriate SFs.

For simulated 7 events, several specific systematic
uncertainties are applied to cover differences in generation
parameters. The renormalization and factorization scales
are varied up and down coherently by a factor of 2 to
produce a shape uncertainty for the simulated 77 events.
This shape template has a normalization effect of roughly
20%, in addition to the shape component. The scale used
for the parton matching in PYTHIA is changed to measure an
additional systematic uncertainty. This component is
smaller and is about a 10% effect. Finally, an uncertainty
of 15% is applied resulting from the measurement of the 77
cross section [59]. This is applied as purely a normalization
effect. These uncertainties only apply to simulated 7
events.

We also include systematic uncertainties associated with
the choice of the CTEQ6L1 PDF set. These are estimated
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TABLE VII. Nuisance parameters applied to the statistical combination. They are listed separately for each individual channel, and the
v/ symbol is used if they are applied to that given channel. If a nuisance parameter is taken as correlated between channels, the
symbol is shown. In some cases, several systematic uncertainties are combined into a single nuisance parameter (for example, in the case
of combined lepton categories); in such instances, the * symbol is used to denote the presence of a systematic uncertainty combined with
others in a distinct nuisance parameter. The ~ symbol has been used to denote systematic uncertainties that have negligible effects on the
analysis results. The “Combined systematic uncertainty” entry represents a contribution composed of other sources listed in the table,

applied as a single nuisance parameter during limit extraction.

Lepton + jets OS dilepton SS dilepton Multilepton All hadronic
Jet energy scale
Jet energy resolution ~
V-tag SF v v
tf matching scale v .
1t renormalization/factorization scales v .
b-tagging SF . .
Light-jet-tagging SF . .
Integrated luminosity
Lepton reconstruction v v v .
ff cross section
QCD normalization v
Trigger efficiency v v v . v
Pileup uncertainty ~ ~
Background component from data v v .
PDF uncertainty ~ ~ v . v
Er resolution v
Initial-state radiation v
Combined systematic uncertainty v v v v

by applying weighting factors to vary the elements of the
eigenvector used in the PDF simulation. The weights are
combined in quadrature to compute a total systematic
uncertainty in the shape and normalization of simulated
ft and signal events due to PDF effects.

Finally, there are several uncertainties specific to indi-
vidual channels. In some cases, all relevant uncertainties
are combined into a single nuisance parameter affecting the
normalization, for example for the multilepton channels,
which include several counting experiments without shape
effects. Other uncertainties include those for background
estimates from data and are detailed in the corresponding
previous sections.

For the statistical combination, we correlate the system-
atic uncertainties that arise from the same physical effect or
phenomenon, such as the jet energy scale, luminosity
measurement, or 17 cross section. These correlations allow
us to better constrain the uncertainties by using indepen-
dent information from various channels. This procedure
further improves the sensitivity of the combination.

VII. COMBINATION STRATEGY

Each of the five channels has a distinct method to
discriminate the B quark signal from the expected back-
ground contribution. In the case of the Lepton + jets
channel, the St distribution is used (Fig. 3), with different
categories corresponding to unique numbers of merged

vector bosons reconstructed in the final state. For the
opposite-sign dilepton channel, the B quark candidate mass
is reconstructed, and its distribution is used to discriminate
the signal (Fig. 6). In the case of the same-sign dilepton and
multilepton channels, for each of the various event cate-
gorizations, the St variable is used for signal discrimina-
tion, and each bin of the St distribution (Figs. 4 and 8) is
treated as an independent counting experiment. The results
are combined to produce a cross section limit. Finally, the
all-hadronic channel uses the Hy distribution separately for
single- and double-b-tagged events (Fig. 10).

We combine all signal bins of the five individual analysis
channels for the result. A joint likelihood maximization is
performed, simultaneously using the background and
signal expectations in each bin, to extract the final results
using a Bayesian approach. We scan over the entire
parameter space of the B quark branching fractions in
steps of 0.1 for each possible B quark decay mode.

Nuisance parameters are included in the joint likelihood
maximization to account for the various systematic uncer-
tainties described above. For those uncertainties that arise
from the same physical or detector effect and are shared
between individual channels, the corresponding nuisance
parameters are taken to be 100% correlated in the fitting
procedure. All nuisance parameters describing systematic
uncertainties are implemented either with Gaussian priors
(for normalization effects) or through template interpola-
tion (for shape changing effects). The parameter governing
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FIG. 11. Comparison of individual channel limit results with those of the combination, for the expected limits only. Shown are the

limit results, at 95% C.L., for the three corners of the triangular parameter space, for 100% branching fractions for B to tW (left), bZ
(middle), and bH (right). The same-sign and opposite-sign channels are denoted by “SS” and “OS”, respectively. The step observed in
the HZ limit curve is due to two analysis channels (multilepton and OS dilepton) that do not contribute to the combination for B quark

masses above 800 GeV.

the signal normalization is implemented with a uniform
prior distribution.

No significant excess above SM expectations is
observed. We set limits on the BB production cross section
using the combination of all individual channels to further
improve the sensitivity to this process.

VIII. RESULTS

Since the vectorlike B quark can decay in three possible
topologies (tW, bZ, and bH), we scan over the entire
possible parameter space of decays, using steps of 10% in
each branching fraction. This results in 66 combinations of
branching fractions, each with its own cross section limits
as a function of the B quark mass. The results are shown in
the form of limits on the B quark pair-production cross
section and are quoted at 95% C.L.

The various channels have targeted different final-state
topologies, and thus they will contribute to separate regions
of the parameter space of decay possibilities. For example,

19.7 fo™ (8 TeV)

the Lepton + jets channel is sensitive to the tW decay mode
but is less sensitive to bH and bZ final states. The opposite-
sign dilepton channel is sensitive to the bZ decay but less so
to bH or tW. The relative contributions of each channel in
the case of a 100% branching fraction for a specific decay
mode are shown in Fig. 11. In some cases, a channel does
not have sensitivity to a certain decay topology and is not
included at all in the corresponding result.

The expected and observed exclusion limits for the B
quark are determined for each one of the 66 combinations
of branching fractions. To visualize these results, we plot
the B quark mass exclusion limits on a triangular parameter
space, as shown in Fig. 12. We also list the cross section
limits for different branching fractions and B quark masses
in Table VIII. Further details, including event yields for the
various channels entering the combination, are available on
HepData [60].

The expected and observed limits agree within the
uncertainties. For the branching fraction B — tW of
100%, we expect to exclude M(B) < 890 GeV and
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FIG. 12. Expected (left) and observed (right) limits for each combination of branching fractions to tW, bZ, and bH obtained by the
combination of channels. The color scale represents the mass exclusion limit obtained at each point. The branching fraction for the B
quark decay to bZ can be obtained through the relation B(bZ) = 1 — B(tW) — B(bH).
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TABLE VIII. Cross section limits for various combinations of branching fractions and B quark masses. The expected cross section
limits are given in the first row for each branching fraction combination, along with their corresponding uncertainties. The observed
cross section limits are shown in the second row. All limits are given at 95% C.L. and are shown in units of pb.

B quark mass (GeV)

Baw)  B@®H) B ((b2Z) 500 600 700 800 900 1000
0.0 0.0 1.0 0.112509%  0.0667 0% 0.04370%27  0.030700%  0.004709%  0.065109%%
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TABLE IX. Expected and observed mass exclusion limits for the combined result, quoted at 95% C.L., for the
topologies where the B quark decays exclusively in one of the possible modes.

95% C.L. M(B) exclusion limit (GeV)

Expected Observed
B - tW 890 880
B — bH 810 900
B — bZ 740 750
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FIG. 13. Observed and expected cross section limit results as a function of B mass, for the combination of all channels. The limit

results are shown for exclusive branching fractions of B to tW (left), bZ (middle), and bH (right). The step observed in the bZ limit curve
is due to two analysis channels (multilepton and OS dilepton) that do not contribute to the combination for B quark masses above

800 GeV.

observe an exclusion of M(B) < 880 GeV. This is the
combination with the best sensitivity to B pair production.
The remaining results are summarized in Table IX. Finally,
the cross section limits as a function of B mass are shown
graphically in Fig. 13 for the exclusive decay modes to W,
bZ, and bH. The multilepton and OS dilepton channels do
not contribute to the combination for B quark masses above
800 GeV. This restriction does not affect the mass exclusion
limits obtained from the combined result.

IX. SUMMARY

A search for pair production of the B quark with
vectorlike couplings to W, Z, and Higgs bosons has been
performed, using data recorded by the CMS experiment
from proton-proton collisions at a center-of-mass energy of
8 TeV at the CERN LHC in 2012. This hypothesized
particle could decay in one of three ways: to tW, bZ, or bH.
The search is performed using five distinct topologies to
maintain sensitivity to each of these decay modes. The
topologies included in this search are the Lepton + jets
final state, both the opposite-sign and same-sign lepton pair
final states, the three or more leptons final state, and finally
the all-hadronic final state targeting Higgs boson decays to
pairs of bottom quarks.

No evidence for the production of B quarks in any
topology is found, and limits are set on the B quark-
antiquark pair-production cross section. A scan over

possible combinations of the branching fractions to W,
bZ, and bH is performed. For a B quark decaying with a
branching fraction of 100% to bH, B quarks with masses
up to 900 GeV are excluded, at 95% confidence level. This
branching fraction corresponds to the highest excluded B
quark mass in this scan. Observed exclusion limit results
from a scan of all possible branching fractions range from a
minimum of 740 to 900 GeV. The combination of these
results provides the most stringent exclusion limit to date
for the existence of a vectorlike B quark.
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