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1. Introduction

The standard model (SM) of particle physics is a very successful theory that is tested experi-
mentally up to high precision. However, unanswered questions like the inclusion of gravity or the
hierarchy problem remain. The hierarchy problem points out the unnatural amount of fine tuning
needed to cancel the corrections to the bare Higgs boson mass. Many theories beyond the SM that
aim to solve the hierarchy problem predict new heavy spin-1 resonances (e.g. heavy partners of the
SM bosons) and a non-chiral fourth generation of quarks. The left- and right-handed component of
such non-chiral hence vector-like quarks (VLQs) transform in the same way under the electroweak
symmetry and no coupling to the Higgs boson is needed to generate the mass of these particles.
Excited quarks are predicted by compositness models such as the Randall–Sundrum models [1, 2]
and models with a heavy gluon [3].

The searches presented in this report can be grouped in three different signatures: excited
bottom quarks (b*), heavy spin-1 resonances (W′) and VLQ. All searches analyze proton-proton
collision data collected by the CMS experiment [4] corresponding to an integrated luminosity of
137 fb−1. Due to the high resonance masses probed, the searches consider highly Lorentz-boosted
particles. This means that the decay products are better reconstructed in one large-cone jet rather
than individual small-cone jets. Novel techniques used to identify these boosted objects, such
as HOTVR (Heavy Object Tagging with Variable R), DeepAK8 and imageTop as well as recent
developments in the pileup mitigation techniques are briefly discussed.

2. Searches for excited bottom quarks

In this section two analyses searching for an excited bottom quark b∗ decaying to a top quark
and a Wboson (tW) are presented. The combination of the all-hadronic and lepton+jets (𝑙+jets)
final state is discussed in Ref. [5]. Both searches analyze the full data set collected between 2016
to 2018 corresponding to an integrated luminosity of 137 fb−1. The search in the all-hadronic final
state has a dijet signature: one large-cone jet originating from the W boson and one from the t
quark. In order to identify these two jets, standard substructure techniques like the SoftDrop [6]
mass and N-subjettiness [7] are used.

The search in the 𝑙+jets final state reconstructs a large-cone jet originating from a t quark
recoiling against a W boson reconstructed from a lepton (electron or muon) and missing transverse
momentum. The large-cone jet is reconstructed with the Heavy Object Tagging with Variable R
(HOTVR) algorithm [8]. Unlike other jet clustering algorithms, HOTVR adapts the jet radius based
on the transverse momentum pT of the jet. This makes the algorithm more sensitive in the low pT
region (due to a larger jet radius) and stable against soft and wide angular radiation at high pT (due
to a smaller jet radius). The identification efficiency for large-cone jets originating from a t quark as
function of the pT of the t quark can be seen in Fig. 1 (left). In addition, HOTVR does the grooming
with the mass jump [9, 10] criterion during the jet clustering procedure.

During each bunch crossing at the Large Hadron Collider not only one proton-proton collision
(the collision of interest) happens but several. Particles from these additional soft collisions are
called pileup particles. These particles can add additional energy to the detector. Both analyses
use the Pileup Per Particle Identification (PUPPI) algorithm [11] to mitigate the effect of pileup.
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Figure 16: The efficiency eS as a function of the generated particle pT for a working point
corresponding to eS = 30 (50)% for t quark (W/Z/H boson) identification. Upper left: t quark,
upper right: W boson, lower left: Z boson, lower right: H boson. The error bars represent
the statistical uncertainty in each specific bin, due to the limited number of simulated events.
Additional fiducial selection criteria applied to the jets are listed in the plots.
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Figure 1: (Left) Identification efficiency of large-cone jets originating from a t quark as function of pT for the
different state-of-the-art algorithms used in the CMS Collaboration. Taken from Ref. [13]. (Right) Median
𝜏21 as a function of the number of vertices for PUPPI (blue) and CHS (red). Taken from Ref. [12].

The performance of this algorithm was studied extensively in Ref. [12]. PUPPI shows a stable
performance against pileup for key variables used to identify boosted objects. An example and
the comparison to the Charged Hadron Subtraction (CHS) algorithm for the n-subjettiness ratio
𝜏2/𝜏1 = 𝜏21 used to identify large-cone jets originating from a W boson can be seen in Fig. 1 (right).

The sensitive variables for both analyses are the invariant mass of the reconstructed t-W-system,
𝑚tW, and the mass of the reconstructed tquark, 𝑚t. An example of 𝑚tW for the 𝑙+jets analysis
can be seen in Fig. 2 (left). The dominant SM backgrounds for the two analyses are inclusive
t quark pair production (𝑙+jets analysis) and QCD multijet (all-hadronic analysis). The QCD
multijet background of the all-hadronic analysis is extrapolated from a control region (inverted t-tag
requirement) with a two dimensional pass-fail ratio. The non-tt̄ background of the 𝑙+jets analysis is
estimated with the 𝛼-ratio method [14]. The inclusive t quark pair production background is taken
from simulation for both analyses.

No deviation from the expected backgrounds is seen and upper limits on the production cross
section are set for left-handed (LH), right-handed (RH) excited bottom quarks and the combination
(LH+RH). The result for the combination (LH+RH) can be seen in Fig. 2 (right). With the
combination of the 𝑙+jets and all-hadronic analysis the results are improved by almost a factor of
two compared to previous results. Excited bottom quarks are excluded at 95% CL up to 2.95 (LH),
3.03 (RH) and 3.22 TeV (LH+RH).

3. Searches for heavy gauge boson

Two searches for a heavy gauge boson W′ are presented in this section. The first search in
Ref. [15] features the decay into SM particles, W′ → tb. The second analysis in Ref. [16] searches
for a W′ decaying to a VLQ (T or B) and a SM bottom (b) or t quark. The VLQ decays into a
H/Z boson and a t/b quark leading to a final state with b quark, t quark and a H or Z boson. Both
analyses consider the all-hadronic final state.
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Figure 2: Distributions of MtW in the 1b (left) and 2b (right) categories. The data are shown by
closed markers, where the horizontal bars indicate the bin widths. The individual background
contributions are given by filled histograms, the signal is shown by a dashed line. The shaded
region is the uncertainty in the total background estimate. The lower panels of each figure
show the ratio of data to the background estimate, with the total uncertainty displayed as gray
area.

with a significance of 1.8 standard deviations; at 2.2 TeV it is weaker with a significance of 2.2
standard deviations. The global significance is smaller than one standard deviation. The step at
MtW = 1.4 TeV in the combined limit results from the extended reach of the `+jets channel to-
wards lower masses, where it places unique constraints in the range 0.7-1.4 TeV. The sensitivity
for masses above 1.4 TeV is comparable between the all-hadronic and `+jets channels, resulting
in stricter limits compared to the individual analyses. We derive b⇤ mass exclusion limits by
comparing the upper cross section limits with theoretical cross sections of b⇤ production, cal-
culated with MADGRAPH5 aMC@NLO. The observed (expected) mass limits are 2.95, 3.03 and
3.22 TeV (3.09, 3.17 and 3.43 TeV) for the LH, RH and VL hypothesis, respectively. These are the
strongest constraints on these models to date.

8 Summary
A search for a heavy resonance decaying to tW in the final state with a lepton and a t-tagged
jet was presented. Data of proton-proton collisions at a center-of-mass energy of 13 TeV corre-
sponding to 137 fb�1 were analyzed.

The final state where the W boson decays leptonically and the top quark decays fully hadron-
ically is probed. The HOTVR algorithm is used for the first time in an analysis of LHC data to
identify the collimated top quark decay, thereby extending the reach of the analysis to masses
from 0.7 to 4.2 TeV. The dominant tt background is constrained using a dedicated control re-
gion and the background from misidentified t jets is estimated from data.

No significant excess of data over the background prediction is observed. A statistical com-
bination with an analysis in the all-hadronic final state is performed. The b⇤ hypotheses with
left-handed, right-handed and vector-like chiralities are excluded at 95% confidence level up
to masses of 2.95, 3.03 and 3.22 TeV, respectively.
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Figure 3: Upper limits on the production cross section of the left-handed (top left), right-handed
(top right) and vector-like (bottom) b⇤ hypotheses at 95% CL. Dashed colored lines show the
expected limits from the `+jets and all-hadronic channels, where the latter start at b⇤ masses
of 1.4 TeV. The observed and expected limits from the combination are shown as solid and
dashed black lines, respectively. The green and yellow bands show the 68% and 95% confidence
intervals on the combined expected limits. The theoretical cross section is shown as dotted line.
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Figure 2: (Left) Invariant mass of the reconstructed t-W-system for the 𝑙+jets analysis. (Right) Upper limits
on the production cross section of excited bottom quarks as function of the invariant mass of the reconstructed
t-W-system, 𝑚tW. Taken from Ref. [5].

The first search into SM particles, W′ → tb, has a dijet signature of the large-cone jet originating
from the t quark recoiling against the small-cone jet originating from the b quark. The small-cone jet
is identified with DeepJet [17], a b-tagger. The large-cone jet is identified with DeepAK8-MD [13],
where MD means mass-decorrelated. DeepAK8 is a neural network with 2 input lists: one list with
particle-level information of the jet constituents and one list with secondary vertex information.
The challenge with each tagger is the correlation with pT or mass resulting in a shaping of the SM
QCD multijet background. This shaping can harm the sensitivity of a bump hunt search. Therefore,
DeepAK8 has a mass-decorrelated version which is achieved by including a penalty function in the
training. The shaping of the QCD multijet background without and with the mass decorrelation
can be seen in Fig. 3 (left). The blue curve (DeepAK8, without mass decorrelation) shows a peak
around the top mass, while the mass-decorrelated version (green curve, DeepAK8-MD) shows a
smoothly falling behavior and a similar shape compared to the inclusive spectrum in dark gray
(inclusive AK8).

The sensitive variable of this search is the invariant mass of the t-b-system, 𝑚𝑡𝑏. The main
background is QCD multijet production which is estimated with a pass-fail-ratio from an orthogonal
region which failed the b-tagging requirement on the small-cone jet. Due to the absence of a
deviation from the expect SM background, upper limits on the production cross section are set.
The results can be seen in Fig. 3 (right). Left- and right-handed W′ are excluded at 95% CL below
3.4 TeV.

The second analysis searching for a new heavy gauge boson W′ considers the decay into a
vector-like quark and a SM particle: W′ → Tb/Bt. The VLQ decays further into H/Z boson and
a SM t/b quark resulting in a final signature of a H/Z boson, a b and a t quark. The small-cone jet
originating from the b quark is identified with DeepJet [17]. The large-cone jet originating from the
Z boson is identified with standard cut-based tagging requirements on the SoftDrop mass of the jet
(65 < 𝑚SD(𝑍) < 105 GeV ) and a requirement on 𝜏21 with a signal efficiency of around 85%. The
large-cone jet originating from the H boson is identified by the Double-B tagging algorithm [18].
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Figure 20: The normalized mSD distribution for background QCD jets with 600 < pT <
1000 GeV, inclusively and after selection by each algorithm. The working point chosen cor-
responds to eS = 30 (eS = 50)% for t quark (W/Z/H boson) identification. Upper left: t quark,
upper right: W boson, lower left: Z boson, lower right: H boson. The error bars represent the
statistical uncertainty in each specific bin, which is related to the limited number of simulated
events. Additional fiducial selection criteria applied to the jets are listed on the plots.
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No significant excess is observed in data over the SM background. Upper limits on sW 0 ⇥ BR
and uncertainties in the limits at ±1s and ±2s are obtained at 95% CL using the asymptotic
CLs method [67–69].

Upper limits at 95% CL on the production cross section of right-handed W0 bosons and left-
handed W0 bosons including the effects of interference with the SM are shown in Figure 4 for
all three years combined. There is a difference in angular distribution of the top quark decay
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Figure 4: Upper limits at 95% CL on the cross section for the production of W0
R boson (top) and

W0
L boson with SM interference (bottom) using data and backgrounds in three years combined.

The observed (expected) limits are shown with the black solid (dashed) line. The uncertainty
in the expected limit bands represent the 68% and 95% confidence intervals. The theory pre-
diction and its uncertainty due to scale and PDF are shown with the red curve and red band,
respectively.

products depending on the chirality of the ancestor W0 boson, which leads to a difference in
top quark tagging efficiency. The cross section for the production of left-handed W0 bosons
saturates at high mass because of the interference with single top production in the SM, which

Figure 3: (Left) Mass distribution of the large-cone jet at a t-tagging efficiency of 30% for QCD multijet
simulation. Taken from Ref. [13]. (Right) Upper limits on the production cross section of a heavy right-
handed gauge boson, W′ , as a function of the invariant mass distribution of the t-b-system. Taken from
Ref. [15].
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Figure 7: Reconstructed W0 boson mass distributions (mtHb (top), and mtZb (bottom)) in the
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observed in the data and the predicted background, divided by the systematic uncertainty in
the background and the statistical uncertainty in the data added in quadrature.
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Figure 8: The W0 boson 95% CL production cross section limits. The expected limits (dashed)
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Figure 4: (Left) The invariant mass of the three jet system of 𝑚tHb. (Right) Upper limit on the production
cross section as a function of the heavy new gauge boson mass, 𝑚W′ , for 𝑚VLQ ∼ 2/3𝑚W′ . Taken from
Ref. [16].

The large-cone jet originating from the t quark is identified with the novel t-tagging technique
imageTop-MD [13]. The imageTop-MD algorithm pixelizes the energy deposit of a jet. The image
is then flipped horizontally and vertically such that the energy maximum is in the lower-left corner.
In order to decorrelate the outcome from the pT of the jet an equally shaped pT spectrum for
QCD multijet production (background) and t jets (signal) is used. In addition, a DeepJet b-tag
requirement on the subjets is added to enhance the sensitivity. The sensitive variable of this search
is the invariant mass of the three jet system, 𝑚tZb or 𝑚tHb. An example of this variable can be seen
in Fig. 4 (left).

The main background of this analysis is QCD multijet production, which is taken from data
using a transfer function derived in a control region. The transfer function transforms the QCD
multijet background from a region with a loose t-tag requirement to the signal region with a tight
ttag requirement.

No deviation from the expected SM background is observed. Therefore, upper limits on the

5
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Figure 9: Data (black points), expected background (solid blue histogram), and expected back-
ground plus a VLQ signal for different VLQ masses (colored lines), for 4-jet (left column), 5-jet
(center column), and 6-jet (right column) multiplicities and for bHbH (upper row), bHbZ (mid-
dle row), and bZbZ (lower row) event modes. For the signal, B(B ! bH) = 100% is assumed.
The hatched regions for the background and background plus signal distributions indicate the
systematic uncertainties. All three data-taking years are combined.
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Figure 11: The 95% confidence limit on the cross section for VLQ pair production as a function
of VLQ mass for three branching fraction hypotheses: B(B ! bH) = 100% (upper left), B(B !
bZ) = 100% (upper right), and B(B ! bH) = B(B ! bZ) = 50% (lower). The solid black
line indicates the observed limit and the dashed line indicates the expected limit with 1 sigma
(green band) and 2 sigma (yellow band) uncertainties. The theoretical cross section and its
uncertainty are shown as the red line and pale red band; the band is only slightly visible outside
the line.

Figure 5: (Left) The average mass of the two reconstructed VLQ B in the bHbH final state in the merged
topology. (Right) Upper limit on the production cross section in the bHbH final state as a function of the
mass of the VLQ B. Taken from Ref. [19].

production cross section are set. The signal samples are grouped in three different mass bins of
the VLQ: 𝑚VLQ ∼ 1/2𝑚W′ , 𝑚VLQ ∼ 2/3𝑚W′ and 𝑚VLQ ∼ 3/4𝑚W′ . The upper limit on the
production cross section for 𝑚VLQ ∼ 2/3𝑚W′ can be seen in Fig. 4 (right). While a W′ with a mass
below 3.2 TeV can be excluded at 95% CL if 𝑚VLQ ∼ 2/3𝑚W′ , the sensitivity to exclude a W′ if
𝑚VLQ ∼ 1/2𝑚W′ or 𝑚VLQ ∼ 3/4𝑚W′ is almost reached.

4. Searches for vector-like quarks

In this section searches for pair produced VLQs and singly-produced VLQs are presented.
Both analyses cover the whole range from merged over partially merged to resolved topologies.

The search for pair produced VLQ Bs [19] considers the all-hadronic final state. The VLQ B
can decay either in bZ or bH resulting in three different combinations: bZbZ, bZbH, bHbH. For
all three combinations the boson is considered to decay into a pair of b quarks leading to a six b
quark final state. The bosons can be resolved (four small-cone jets), partially merged (one of the
bosons merged, the other resolved) and merged (two large-cone jets). Large-cone jets originating
from the H or Z boson are identified by the DoubleB algorithm [18]. Small-cone jets originating
from a b quark are identified with DeepJet [17]. The sensitive variable is the average mass of the
two reconstructed VLQ B masses, 𝑚𝑉 𝐿𝑄. An example can be seen in Fig. 5 (left). No deviation
from the SM has been found, therefore, upper cross section limits on the production cross section
are set (Fig. 5, right) and VLQ B are excluded at 95% CL below 1570 (bHbH), 1390 (bZbZ) and
1450 GeV (bZbH).

The second analysis is a search for a singly-produced VLQ T decaying into tZ with the
Z → aa [20]. The t quark can be merged (one large-cone jet), partially merged (one large-cone
jet and a small-cone jet) or resolved (three small-cone jets). Due to the two neutrinos the sensitive

variable is the transverse mass, 𝑀𝑇 =

√︂
2pt

Tpmiss
T

(
1 − cosΔ𝜙t, ®𝑝miss

T

)
. A dedicated control region is
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Figure 7: Observed and expected 95% CL upper limits on the product of the single T quark
production cross section and the T ! tZ branching fraction as a function of the T mass for
a narrow width resonance (upper left), and a width of 10% (upper right), 20% (lower left),
and 30% (lower right) of the T mass. A singlet T quark is assumed, which is produced in
association with a bottom quark. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The continuous curves show the theoretical expectation at NLO.
In the case of a narrow width resonance, width of 1% (5%) of the resonance mass is reported
with a red (blue) curve.
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Figure 8: Observed 95% CL upper limit on the product of the single T quark production cross
section and the T ! tZ branching fraction as a function of the T mass for widths of 10%, 20%,
and 30% of the T mass. A singlet T quark is assumed, which is produced in association with a
bottom quark. The solid red line indicates the boundary of the excluded region (on the hatched
side) of theoretical cross sections as reported in Table 2.

Figure 6: Upper limit on the production cross section for a singly-produced VLQ T → tZ(aa). Taken from
Ref. [20].

defined for each of the major backgrounds: inclusive t quark pair production, inclusive W boson
production and inclusive Z boson production. The most significant excess between data and the
expected SM backgrounds is around 2.5 standard deviations and is found for a signal with an
expected 𝑚𝑇 = 1.4 TeV and a narrow width. Upper limits on the production cross section are set
and the limits for different widths can be seen in Fig. 6.
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