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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~!. 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), DeepAKS8 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 (/+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~!. 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 /+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, HOT VR adapts the jet radius based
on the transverse momentum pr of the jet. This makes the algorithm more sensitive in the low pr
region (due to a larger jet radius) and stable against soft and wide angular radiation at high py (due
to a smaller jet radius). The identification efficiency for large-cone jets originating from a t quark as
function of the py of the t quark can be seen in Fig. 1 (left). In addition, HOT VR 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 1: (Left) Identification efficiency of large-cone jets originating from a t quark as function of py for the
different state-of-the-art algorithms used in the CMS Collaboration. Taken from Ref. [13]. (Right) Median
771 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
T2/71 = 121 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,
myew, and the mass of the reconstructed tquark, m;. An example of my for the /+jets analysis
can be seen in Fig. 2 (left). The dominant SM backgrounds for the two analyses are inclusive
t quark pair production (/+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-tt background of the /+jets analysis is
estimated with the a-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 /+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
fora 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: (Left) Invariant mass of the reconstructed t-W-system for the /+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, mw. 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 DeepAKS8-MD [13],
where MD means mass-decorrelated. DeepAKS 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 py or mass resulting in a shaping of the SM
QCD multijet background. This shaping can harm the sensitivity of a bump hunt search. Therefore,
DeepAKS 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 (DeepAKS, 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 AKS).

The sensitive variable of this search is the invariant mass of the t-b-system, m;;. 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 < mgp(Z) < 105GeV ) and a requirement on 77; 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 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 4: (Left) The invariant mass of the three jet system of myy,. (Right) Upper limit on the production
cross section as a function of the heavy new gauge boson mass, myy, for myrg ~ 2/3my,. 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 py of the jet an equally shaped pr 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, mzp, or myy,. 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
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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: myrq ~ 1/2myy, myrLg ~ 2/3myy and myrq ~ 3/4myy. The upper limit on the
production cross section for mypq ~ 2/3myy can be seen in Fig. 4 (right). While a W’ with a mass
below 3.2 TeV can be excluded at 95% CL if myrq ~ 2/3my,, the sensitivity to exclude a W if
myrLQ ~ 1/2myy or myrq ~ 3/4myy 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, my 1. An example can be seen in Fig. 5 (Ieft). 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 959% 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 — vv [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, My = \/ Zp%p?iss (1 —cos Ag, I;Tmiss). A dedicated control region is
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Figure 6: Upper limit on the production cross section for a singly-produced VLQ T — tZ(vv). 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 my = 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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