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Abstract

A search is presented for the single production of a heavy vector-like quark (B) decay-
ing to a Higgs boson and a bottom quark, B→ Hb, with the Higgs boson decaying to
a pair of bottom quarks. The decay products of the Higgs boson are highly boosted,
hence typically collimated. They are reconstructed as a single, massive jet, with heavy
flavour content. The single production of vector-like quarks is characterised by the
presence of a light flavour quark emitted in the forward region of the detector. The
analysis is performed using a data sample collected in 2016 by the CMS experiment at
the LHC in proton-proton collisions at a centre-of-mass energy of

√
s = 13 TeV, corre-

sponding to an integrated luminosity of 35.9 fb−1. The observation is consistent with
background expectation and upper limits are placed on the production cross section
times the branching ratio of a vector-like quark B decaying to a Higgs boson and a
bottom quark. Values of cross section times branching ratio above 0.07–1.28 pb are
excluded at 95% confidence level for masses of 700–1800 GeV, assuming a resonance
with negligible width with respect to experimental resolution. Similar sensitivity is
observed for different assumptions on the intrinsic width of the vector-like quark B.
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1 Introduction
With the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the stan-
dard model (SM) of particle physics confirmed its ability to predict experimental observations
with high precision. However, the SM does not address problems related to the nature of the
electroweak symmetry breaking, such as the hierarchy problem. An extension of the SM can ad-
dress this problem by introducing new particles that play an important role in the cancellation
of loop corrections to the Higgs mass [3]. Supersymmetric theories propose bosonic partners
of the top quark in order to address the hierarchy problem; others such as little Higgs [4–
6], or composite Higgs models [6, 7] overcome the hierarchy problem by introducing heavy
fermionic resonances called vector-like quarks (VLQs) [3, 8–11]. Unlike SM chiral fermions,
these particles do not receive mass through a Yukawa coupling term, and are not excluded by
present searches, while the existence of a fourth generation of SM quarks has been ruled out by
electroweak precision measurements [12] and the discovery of the Higgs boson [11]. Previous
searches for VLQs have been performed by the ATLAS [13–19] and CMS [20–27] experiments
using proton-proton collision data recorded at centre-of-mass energies of 7, 8 and 13 TeV.

In this note, we present the first search at the LHC for electroweak production of a single VLQ
B with charge −1/3e, decaying to a bottom quark and a Higgs boson. The search uses proton-
proton collision data collected in 2016 by the CMS experiment at a center-of-mass energy of
13 TeV, corresponding to an integrated luminosity of 35.9 fb−1. The fully hadronic final state
with the Higgs boson decaying to a pair of b quarks is considered. Figure 1 illustrates the
electroweak production of a B quark, where the new particle is produced in association with a
bottom quark. The B quark could also be produced in association with a top quark, although
with a smaller cross section.

The B decay channel considered in this analysis is B→Hb, however, the B quark can also decay
into Zb or Wt with branching ratios depending on the specific model. Under the hypothesis
of a Bquark being a singlet of the SM, the branching fractions for these three decay modes are
0.25, 0.25 and 0.50, for the B decaying to Hb, Zb and Wt, respectively.

The cross section for single production of the B quark depends on its mass as well as on its
width, and therefore on its coupling to SM particles. The benchmark model considered in
this note assumes a coupling coefficient to the Z boson and the b quark, c(bZ), equal to 0.5.
Under this assumption the intrinsic resolution of the signal is negligible with respect to the
experimental resolution and the approximation of narrow width is valid. For the first time the
case in which the B quark has a non negligible resonance width is also considered, with a value
up to 30% of the resonance mass. Previous CMS searches for VLQ B relied on narrow width
approximation only.

In this note, Section 2 describes the CMS detector and the reconstruction of physics objects;
Section 3 gives an overview of the data and simulations used in this analysis. Section 4 and 5
provide a description of the analysis event selection and of the background estimation method.
Systematic uncertainties are discussed in Section 6. The results of the search are presented in
Section 7.

2 CMS detector and physics object reconstruction
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
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Figure 1: Leading order Feynman diagram for the production of a single vector-like quark B in
association with a b quark, and its decay to an H boson and a b quark.

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. A more detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, can be found in Ref. [28].

Events of interest are selected using a two-tiered trigger system [29]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level, known as the high-level trigger (HLT), consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces the
event rate to less than 1 kHz before data storage.

Event reconstruction is based on the CMS Particle Flow (PF) algorithm [30]. It reconstructs and
identifies each individual particle with an optimized combination of information from the var-
ious elements of the CMS detector. The energy of electrons is determined from a combination
of the electron momentum at the primary interaction vertex as determined by the tracker, the
energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with the origin of the electron track. The energy of muons is obtained
from the curvature of the corresponding track. The energy of charged hadrons is determined
from a combination of their momentum measured in the tracker and the matching ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy. Jets are reconstructed from the cluster-
ing of PF candidates by means of the anti-kT algorithm [31] with a distance parameter of 0.4 and
0.8, referred to as AK4 and AK8 jets, after passing the charged hadron subtraction (CHS) pile
up mitigation algorithm [32]. The CHS algorithm discards charged hadrons not originating
from the primary vertex. The reconstructed vertex with the largest value of summed physics-
object transverse momentum squared, p2

T, is taken to be the primary pp interaction vertex. The
physics objects are the objects returned by a jet finding algorithm [31, 33] applied to all charged
tracks associated with the vertex, plus the corresponding associated missing transverse mo-
mentum. The residual contamination removed is proportional to the event energy density and
the jet area estimated using the FASTJET package [33]. Jet momentum is determined as the
vectorial sum of all particle momenta in the jet. Energy scale calibrations (JES) determined
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from simulation are then applied to correct the four momenta of the jets. Residual corrections,
determined from collision data, are applied in data events only. The jet energy resolution (JER)
for the simulated jets is degraded in order to reproduce the resolution observed in data. Jet
candidates with cone radius of 0.4 in this analysis are required to have pT > 30 GeV and an
absolute pseudorapidity, |η|, lower than 4, and to satisfy a tight set of identification criteria
designed to reject spurious detector and reconstruction effects [34]. Larger cone jet candidates
are selected with pT > 300 GeV and |η| < 2.4.

The combined secondary vertex (CSVv2) b tagging algorithm [35] is used to identify jets arising
from the hadronization of a b quark. In this analysis PF jets are considered as b tagged if the
CSVv2 discriminant for the jet passes the medium working point requirement, for which the
misidentification probability averaged over the jet kinematics in tt events is around 1% for
light-flavour jets with pT above 30 GeV while the corresponding tagging efficiency for b jets is
around 70%.

Higgs boson jet candidates are identified by looking at the heavy-flavour content of the candi-
date jet. A pruning algorithm [36], used to remove soft and wide-angle radiation so that the
mass of the hard constituents can be measured more precisely, is applied to AK8 jets. The mass
of the jet, after the pruning is performed, is required to be in the mass window of [105, 135]
GeV. Both subjets reconstructed inside the AK8 jet cone with the soft-drop algorithm [37] are
required to pass the medium working point of the CSVv2 b tagging algorithm.

Finally, an interesting feature of the signal under study is the presence of an additional jet that
is typically produced in the forward direction. Forward jets are reconstructed as AK4 jets with
the same selection criteria and corrections as defined above, but with |η| > 2.4.

3 Physics Modelling and Simulation
The production of B → Hb provides a high jet-multiplicity signature rich in heavy-flavour
content and characterised by a boosted Higgs boson. The dominant background in this search
is from multijet production; additional minor backgrounds arise from tt process, as well as
from the production of W and Z bosons in association with jets.

Simulated events are used throughout the analysis to define the selection strategy and deter-
mine its expected sensitivity. The background from multijet events is estimated with data in
control regions. However, simulation is used to cross-check the method and evaluate its valid-
ity. The contributions from other background processes, such as tt, Z and W boson production
in association with jets, are estimated with Monte Carlo (MC) simulation.

Multijet, as well as electroweak background processes, Z /γ∗+jets and W+jets, are simulated
at the leading order (LO) using the generator MADGRAPH aMC@NLO 2.2.2 [38] interfaced to
PYTHIA 8 [39] for the parton-shower simulation. The tt background MC samples are pro-
duced with POWHEG v2 [40–43] and interfaced with PYTHIA 8. The mass of the top quark is set
to 172.5 GeV and the cross section is calculated at next-to-next-to-leading order and next-to-
next-to-leading-logarithmic order (NNLO+NNLL) in perturbative QCD using the Top++v2.0
program [44]. The cross sections of Z /γ∗+jets and W+jets processes are calculated at next-to-
next-to-leading order (NNLO) using FEWZ [45].

The signal process B → Hb → bb b is simulated using the leading order, LO, MC event gen-
erator MADGRAPH 5.2 interfaced to PYTHIA 8 for the parton-shower simulation. Signal cross
sections have been calculated at leading order with approximate next-to-leading order correc-
tions [46]. Several benchmark models have been considered with B quark mass ranging from
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700 up to 1800 GeV in steps of 100 GeV. For values of coupling coefficient c(bZ) smaller than
0.5, the theoretical width of the new heavy resonance is negligible compared to the experimen-
tal resolution. Signal samples for B quarks with larger width (10%, 20% and 30% of the mass
hypothesis) were also generated in the same mass range.

Simulations using LO and NLO calculations respectively use the LO and NLO NNPDF3.0 [47]
Parton Distribution Function (PDF) sets. All signal and background samples are processed
using GEANT 4 [48] to provide a full simulation of the CMS detector. The samples are re-
weighted to account for the distribution of additional pileup interactions observed in 2016
collisions.

4 Event selection
This analysis searches for a Higgs boson and a bottom quark arising from the decay of a B
quark, exploiting the hadronic decay of the Higgs boson into a pair of bottom quarks. Given
the large mass of the new particle, its decay products are expected to be produced with large
transverse momentum, pT. Therefore, the two bottom quarks, originating from the Higgs boson
decay, emerge very close to each other, giving rise to a single large-cone jet.

The data used for this analysis are collected through an online selection based on the hadronic
activity (HT), defined as the scalar sum of the transverse momenta of all AK4 jets with pT > 30
GeV and |η| < 3.0. The HT threshold used for this trigger is 900 GeV. Data containing at least
one jet reconstructed by the HLT with pT > 450 GeV, are selected as well in order to increase
the trigger efficiency. A HT requirement applied at analysis level (HT > 950 GeV, where the
HT is now computed using AK4 jets with pT > 50 GeV and |η| < 2.4) ensures trigger efficiency
better than 87%.

Events with three or more AK4 jets with pT > 30 GeV and |η| <4 .0, among which at least one b
tagged jet with |η| < 2.4, are selected. In addition, a veto is applied to events with one or more
leptons to ensure that the selection criteria do not overlap with those used in possible future
searches in leptonic final states. This selection will be referred to as preselection throughout the
note. Selected events are further required to have at least one Higgs-tagged AK8 jet. To fulfill
the Higgs-tagging requirement, a large radius jet must have a pruned mass between 105 and
135 GeV and two subjets identified as arising from b quark hadronization. The Higgs-tagging
efficiency is ∼ 10–20%, depending on the B mass hypothesis. Figure 2 shows the b tagged
subjet multiplicity expected for simulated background and signal processes compared to data.

The B quark is reconstructed from the Higgs-jet candidate along with the non-overlapping
leading-pT b tagged jet. The b quark from B decay is produced with high energy and selecting
the b jet with the highest pT significantly reduces the combinatorial background. Furthermore,
in order to avoid overlaps with the decay products of the Higgs boson, a condition is applied
on the spatial distance between the two objects, requiring ∆R(b,H) to be greater than 1.2, where
∆R =

√
∆φ2 + ∆η2.

To further reduce the multijet background and the contamination arising from gluon-like jets,
HT is required to be larger than 950 GeV for low B quark mass values, 800 < mB < 1500 GeV.
For high B quark masses, 1500 ≤ mB ≤ 1800 GeV, we only select events with HT > 1250 GeV.

The signal-background discrimination is enhanced by exploiting the distinctive presence of a
forward jet in signal events. Events are separated into categories based on the forward jet mul-
tiplicity. A high-purity category is obtained by requiring at least one jet in the forward region.
A second category that contains a large fraction of events from both signal and background



5

Number of b-tagged subjets

N
um

be
r 

of
 e

ve
nt

s 
/ 1

.0
0

210

310

410

510

610

710

810

910

1010

1110 Data Z + jets W + jets

tt QCD

B(1 TeV) (x1000) B(1.8 TeV) (x1000)

 (13 TeV)-135.9 fb

CMS
Preliminary

Number of b-tagged subjets
0 1 2

M
C

D
at

a

0.5

1

1.5

Figure 2: B tagged subjet multiplicity of large radius jets after the preselection and the low
hadronic activity requirement are applied. The lower panel shows the data to background
ratio. Signal distributions are multiplied by a factor of 1000. Background simulated events are
normalised to data. The uncertainties on the background prediction and on data are statistical
only.

processes is defined requiring exactly zero forward jets. The forward jet multiplicity expected
for background and signal events at preselection, compared to data is presented in Fig. 3. The
disagreement observed between data and simulation does not affect the measurement as the
background contribution in the signal region is estimated from data. Moreover, the effect on
signal events would be negligible as the measurement is dominated by events containing zero
or one forward jets, for which the simulated and observed yields after preselection are consis-
tent.

5 Signal extraction
A potential signal would manifest as a localised excess over background expectation in the
reconstructed B quark mass, mB, spectrum. To improve the sensitivity of the search to a B quark
signal, this analysis exploits the additional information provided by the shape of the observed
mB distribution, as the signal is expected to peak around the mass of the B quark. A template
fit is, hence, performed to the mB distribution.

Multijet events costitute the dominant source of background for this search. An additional
contribution arises from tt events (∼ 5–7%). To reduce the dependence on the multijet pro-
cess modeling in simulation, the contribution from this background is derived from data. The
ABCD method is used to estimate the expected yield of multijet background in the signal re-
gion, while the shape of its distribution in mB is taken from a background enriched control
region. A minor contribution (∼ 1%) to background events arises from other SM processes,
Z+jets and W+jets. Both tt events and these minor backgrounds are estimated from simula-
tion. The normalisation of multijet events in the signal region is estimated using four regions,
out of which three are enriched in background events. These regions, in addition to the signal
enriched one, are identified in a two-dimensional phase space defined by two variables that are
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Figure 3: Forward jet multiplicity distribution before the event categorization is performed.
Signal distributions are multiplied by a factor of 1000. Background simulated events are nor-
malised to data. The lower panel shows the simulated background to data ratio. The uncer-
tainties in the background prediction and on data are statistical only.

assumed to be uncorrelated: the b-tagged subjet multiplicity of the Higgs jet and its mass, mH.
The four regions are defined as follows:

• Region A: two b-tagged subjets and 105 < mH < 135 GeV;

• Region B: two b-tagged subjets and 75 < mH < 105 GeV or mH > 135 GeV;

• Region C: one b-tagged subjet and 105 < mH < 135 GeV;

• Region D: one b-tagged subjet and 75 < mH < 105 GeV or mH > 135 GeV.

Region A is the signal region, defined by the selection criteria described in the previous section.
The multijet background event yield in the signal region is derived from regions B, C and D
which are background-enriched. Assuming that the two variables, b tagged subjet multiplicity
and Higgs-jet mass, are uncorrelated, the background event yields in the four regions follow
the relation:

NA/NC = NB/ND, (1)

where NA, NB, NC, ND are the yields in regions A, B, C and D respectively. Thus, the number
of background events in the signal region A is given by:

NA = NC × NB/ND (2)

after subtracting the tt contribution predicted by simulation from the observed yields. The
contribution from Z +jets and W+jets is not subtracted as it is negligible.

The shape of the multijet background in the signal region is estimated from the event distribu-
tion in region C, since the reconstructed mB spectrum is not expected to be correlated with the
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b-jet multiplicity. The compatibility of the shapes in regions A and C is verified using simulated
multijet events and cross-checked in data.

The reconstructed mB distribution for the multijet background in region A, as estimated from
the ABCD method, is found to be consistent with the prediction from simulation. Additionally,
the method is validated using a signal-depleted region of high mass sidebands. Here, two re-
gions A’ and C’ are defined, similarly to A and C, in the mass region 135 < mH < 165 GeV.
Two control regions B’ and D’, are defined requiring 75 < mH < 105 GeV or mH > 165 GeV
and with 2 or 1 b tagged subjets, respectively. The background distribution estimated in region
A’, using the method described above, agrees well with the observation. The difference be-
tween the estimated and the observed yields in region A’ is used as a normalisation systematic
uncertainty on the multijet estimate. In addition, the statistical uncertainty in region C due to
the limited amount of data is considered as bin-by-bin shape variation on the final background
estimate in the signal region.

6 Systematic uncertainties
The uncertainties on the event yield and the mB distribution of signal and background pro-
cesses are taken into account in the statistical inference procedure, and treated as nuisance
parameters. The systematic effect of each source of uncertainty is evaluated by propagating
the uncertainty on the input parameters to the reconstructed B quark mass distribution.

The uncertainty on the data-based background estimate for multijet process due to the limited
amount of data and tt simulation in the three control regions is propagated to the main ob-
servable, mB in the signal region, by varying up and down (±1σ) the observed event yields
in regions B and D and propagating this shift to the expected background yield in the signal
region. As the expected shape is estimated from region C, the statistical uncertainty of the ob-
served mB distribution in this region is also considered in the signal extraction. In addition
to the normalization, this uncertainty affects the shape of the background mB distribution in
the signal region. Each bin of the observed mB spectrum in region C is allowed to fluctuate
independently according to its statistical uncertainty.

An additional systematic uncertainty on the estimated background yield is derived from the
difference between the observation and the prediction found in the test performed on data and
described in Section 5 (∼ 5–10%).

The systematic uncertainties due to the limited size of the simulated signal samples as well as
of background taken from simulation are included by allowing each bin of the mB distribution
to independently fluctuate according to Poisson statistics.

Additional systematic uncertainties on simulated signal and background distributions origi-
nate from the corrections applied to match simulated distributions to data, such as an uncer-
tainty of 2.5% on the measured integrated luminosity, which affects the event yield only.

The corrections to account for the b-tagging efficiency difference between data and simulation
are varied up and down by their uncertainties (4% to 15%) on both AK4 jets and subjets. The
reconstructed jet four-momenta of both AK4 and AK8 are varied within the uncertainty on
jet energy scale and resolution, and propagated to all observables, including mB. In addition,
the pruned mass scale and resolution of the Higgs-tagged jet is varied within uncertainties,
affecting the mB spectrum by ∼ 0.5–6.5%.

All simulated events are reweighted to match the distribution of pileup interactions in data.
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The corresponding uncertainty is taken into account by varying the minimal bias cross sec-
tion of 69 mb, used to calculate the data pileup distribution, by ±4.6%. In this analysis, scale
factors are applied to account for differences between the trigger efficiency measured in data
and in simulated events. The uncertainty on these scale factors is applied as a function of and
propagated to the mB distribution affecting its shape.

An additional uncertainty is applied to account for discrepancies in the modelling of forward
jet multiplicity. The magnitude of this effect is 0.5% for the category with zero forward jets and
2.0% for the one with at least one jet in the forward region.

The uncertainty on the choice of the factorization and renormalizarion scales, µF and µR, is
taken into account by halving and doubling their values and taking the combination of µF
and µR resulting in the maximum variation. Only the effects of acceptance is considered for
signal events, leading to a variation up to the 1.3% depending on the mass hypothesis. Larger
effects (15–25%) are observed on the simulated backgrounds considering the systematic effect
on both normalization and acceptance. Furthermore, the uncertainty on the choice of PDFs
is estimated by reweighting the samples with NNPDF3.0 [47] replicas and propagated to the
mB distribution.

7 Results
A binned maximum likelihood fit is performed on the mB distribution, Fig. 4, where the dom-
inant multijet background is estimated from data, as discussed in Sec. 5. The observation is
consistent with the background-only hypothesis in all the categories and upper limits are set on
the production cross section times the branching fraction of a B quark produced in association
with a bottom quark, and decaying to Hb, as a function of the B quark mass. The 95% con-
fidence level exclusion limits are calculated using a modified frequentist approach (CLs) and
a profile-likelihood ratio as test-statistic in an asymptotic approximation [49–51]. Signal and
background templates are given by the distributions in Fig. 4. The two forward jet multiplicity
based categories are combined to increase the sensitivity of the analysis. Their combination
brings an improvement up to 20% with respect to just requiring at least one jet lying in the
forward pseudorapidity region of the detector.

Systematic uncertainties described in Sec. 6 are treated as nuisance parameters affecting the rate
or the shape of the expected mB distribution of the concerned process. Uncertainties affecting
normalisation only are modelled with a log-normal prior. For those uncertainties affecting
shapes, the mB distribution is allowed to vary using template morphing techniques [52].

Post-fit mB distributions are presented in Fig. 5, while the expected yields are listed in Table 1
for the backgrounds and for two signal hypotheses together with observed yields, for the two
signal mass categories.

The observed and expected combined upper limits from the two categories are shown in Fig. 6,
for the singlet B quark production mode under the assumption of narrow width approxima-
tion. A coupling coefficient c(bZ)=0.5 and B(B → Hb) = 25% are considered. For this model
we exclude values of cross section times branching fraction larger than 0.07–1.28 pb at 95%
confidence level, for masses in the range 700–1800 GeV. Upper limits are compared with the-
oretical prediction calculated at NLO [46]. Figure 7 shows the observed and expected upper
limits on the B quark production times branching fraction for a B quark with intrinsic width
fixed to 10%, 20% and 30% of the resonant mass. Similar sensitivity is observed with respect
to the case of negligible width. Observed exclusion limits vary between 0.08 and 1.97, 0.11 and
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Table 1: Observed and expected event yields in the signal region in both low mass and high
mass ranges. The multijet background expectation yields are derived from data, while the
yields for the other sources of background are derived from simulation.

category source low mass yields high mass yields
tt̄ 394± 46 117± 18

W + jets 29± 13 10.5± 4.3
Z + jets 43± 15 23± 23

zero forward jets category Multijet 5416± 60 1612± 24
Backgrounds 5882± 42 1762± 26

Data 5886± 77 1753± 42
mB = 1000 GeV 29.3± 1.1 7.07± 0.53
mB = 1800 GeV 4.88± 0.15 4.12± 0.14

tt̄ 163± 20 58± 17
W + jets 11.5± 4.2 4.3± 1.4
Z + jets 2± 10 0.0± 0.0

at least one forward jet category Multijet 1938± 23 549± 10
Backgrounds 2115± 21 612± 15

Data 2107± 46 608± 25
mB = 1000 GeV 46.4± 1.4 8.51± 0.58
mB = 1800 GeV 9.29± 0.21 7.78± 0.19

1.32, 0.10 and 1.22, respectively, for the 10%, 20% and 30% width/mass scenarios.

8 Summary
A search for electroweak production of a B quark with charge −1/3e, decaying to a b quark
and a Higgs boson is presented. The analysis uses 35.9 fb−1 of proton-proton collision data
collected in 2016 by the CMS experiment at

√
s = 13 TeV.

No significant deviations from SM expectations are observed and upper limits are set on the
production cross section of a B quark. Expected (observed) limits vary between 0.07 (0.07) pb
and 1.20 (1.28) pb at 95% confidence level, for the range of resonance mass considered. The
search has been performed under the hypothesis of a singlet B quark decaying to Hb with
branching ratio equal to 25% and narrow width resonance. The hypothesis of non-negligible
width has also been studied, by considering production of a B quark with an intrinsic width of
10%, 20% and 30% of the resonance mass.
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Figure 4: Pre-fit distributions of the reconstructed B quark mass in the categories with zero
forward jets (left) and at least one forward jet (right) for the low (top) and high (bottom) mass
analyses. The shaded error band in the ratio plot shows both statistical and systematics uncer-
tainties.
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Figure 5: Post-fit distributions of the reconstructed B quark mass in the categories with zero
forward jets (left) and at least one forward jet (right) for the low (top) and high (bottom) mass
analyses. The shaded error band in the ratio plot shows both statistical and systematics uncer-
tainties.
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Figure 7: Observed and expected 95% confidence level upper limit on the B quark production
cross section times branching fraction as a function of the signal mass hypothesis, where a
width of 10% (left), 20% (center) and 30% (right) of the resonance mass is considered for the B
quark. The results are shown for the combination of zero and at least one forward jet categories.
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