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An overview of recent searches for new physics with top and bottom quarks in the final state is
presented, using proton-proton collision data collected with the CMS detector at the CERN LHC
at a center-of-mass energy of 13 TeV. The presented analyses search for partners of standard model
particles: an excited bottom quark 𝑏∗, new massive boson 𝑊

′ or top quark partner 𝑡∗. Jet tagging
techniques are used to reconstruct and identify jets originating from highly boosted objects in order
to improve sensitivity. No significant deviation from standard model predictions are observed,
therefore stringent exclusion limits on the production cross sections of all analyzed particles are
set. A range of different particle masses and chirality hypotheses are considered.
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1. Introduction

While the standard model (SM) of particle physics is a highly successful theory, several
observations motivate the need to extend it. Often, potential extensions go along with predictions
of new heavy particles. By searching for these particles, or their effects on the SM particle content,
experimental access to new theories is possible. Searches involving third generation quarks are
especially of interest, as these particles have distinctive detector signatures. Jet tagging techniques,
identifying the flavour of the particle inducing a jet, can help increase the sensitivity of new physics
searches considerably.

Assuming that new particles are very massive, their decay products will be Lorentz boosted
and subsequent decay products collimated. For hadronic final state objects, this can be exploited
utilizing jet substructure analysis: multiple collimated hadronically decaying objects (for example
originating from a highly energetic top quark or 𝑊 boson) can be reconstructed as a singular, large-
radius jet. This jet is then characterized by a substructure with multiple so-called prongs, resulting
from the individual decay products. In contrast, other quarks or gluons usually result in single-prong
jets. In cut-based approaches, variables like the 𝑁-subjettiness [1] or the soft-drop mass 𝑚𝑆𝐷 [2]
can be used to identify the flavour of jets. The 𝑁-subjettiness is a measure of the likelihood of a jet
to contain 𝑁 or less prongs. The soft-drop mass is a measure of the jet mass after removal of soft
and collinear radiation, and usually is similar to the mass of the original particle inducing the jet.
Jet substructure can also be analyzed in machine-learning based approaches, where information on
the jet and its constituents is used by an algorithm to identify the jet flavour. Finally, dedicated jet
reconstruction algorithms can be used to aid jet substructure analysis. The HOTVR algorithm [3]
is designed to reconstruct and identify top quark jets over a wide range of jet momenta. Thanks to
its variable radius, it performs especially well in intermediate momentum ranges where jets from
other reconstruction algorithms can not cover all top quark decay products.

Single-prong jets originating from 𝑏 quarks can be identified and distinguished from light
quark and gluon jets, a procedure usually applied for small-radius jets. In the DeepJet algorithm
[4], information on jet constituents, charged and neutral particles, secondary vertices, and global
event variables are combined to categorize jets into different flavour classes.

In the following, three recent analyses using Run-2 data of the CMS experiment [5, 6], corre-
sponding to 138 𝑓 𝑏−1 gathered between 2016 and 2018, are presented. All of them make use of jet
substructure analysis to search for new particles coupling to third generation quarks.

2. Search for a heavy resonance decaying into a top quark and a 𝑊 boson in the
lepton+jets final state

Some theories propose that the known quarks are not fundamental, but composite objects.
These theories can be probed by searching for the existence of excited quark states. A search for
a heavy resonance decaying into a top quark and a 𝑊 boson is performed [7], which could be
identified as an excited bottom quark 𝑏∗. Single lepton final states are analyzed, assuming the top
quark decay 𝑡 → 𝑏𝑊 → 𝑏ℓ𝜈, where ℓ is a muon or electron. Considering purely right-handed (RH),
left-handed (LH) and vector-like (VL) 𝑏∗ scenarios, signal-like events are selected by requiring the
presence of exactly one lepton, some missing transverse momentum 𝑝miss

𝑇
, at least one 𝑏-tagged
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Figure 1: Left: Invariant mass of the 𝑡𝑊 system in the muon channel high-mass signal region, sensitive to
the existence of a 𝑏∗, for which a representative distribution is shown in blue [7]. Right: Cross-section times
branching fraction exclusion limits for the production of LH 𝑏∗, for three different 𝑏∗ searches performed at
CMS [7, 8, 9], figure taken from [10].

small-radius jet and exactly one 𝑊-tagged large-radius jet. DeepJet is used to identify 𝑏-jets, and
a requirement on the 𝜏2/𝜏1-ratio, as well as a 𝑚𝑆𝐷 window around the 𝑊 boson mass, is used to
identify 𝑊-jets. Further angular selections enrich a signal region in signal-like events.

A kinematic reconstruction of 𝑏∗ candidates is performed: The top quark is reconstructed from
the lepton, 𝑝miss

𝑇
and a small-radius jet. Then, combining with the 𝑊-tagged large-radius jet, the

invariant mass 𝑚𝑡𝑊 , shown in figure 1 (left), is obtained. Main SM background processes for this
search are quantum chromodynamic (QCD) multijet and 𝑡𝑡 pair production. The QCD background
is estimated with a data-driven technique based on two-dimensional sideband regions. These are
defined using an inversion of the 𝜏2/𝜏1 requirement and an isolation variable (for muon events) or
the number of 𝑏-tagged jets (for electron events).

As no deviation from the SM prediction is visible, a binned maximum likelihood fit in the
signal region is used to set upper exclusion limits at 95% CL on the 𝑏∗ production cross section. For
the vector-like 𝑏∗ case, these results are shown in figure 1 (right). Comparing to theory predictions
of the 𝑏∗ production cross section, the existence of a 𝑏∗ can be excluded up to 2.4, 2.8 and 3.1 TeV
for the LH, RH and vector-like cases, respectively. Figure 1 (right) also shows the results of the two
previous 𝑏∗ searches at CMS [8, 9], as well as their combination. The three searches agree in that
no deviation from the SM prediction has been observed.

3. Search for 𝑊 ′ bosons decaying to a top and a bottom quark in leptonic final
states in proton-proton collisions

Another hypothetical particle predicted in theory models is a new massive boson 𝑊
′ . A search

for a𝑊 ′ boson, assuming the decay𝑊 ′ → 𝑡𝑏 and targeting the high end of accessible𝑊 ′ masses, is
performed [11]. Single lepton final states, where the top quark decays as 𝑡 → 𝑏𝑊 → 𝑏ℓ𝜈 (where ℓ
is a muon or electron), are studied. The analysis selects events with exactly one lepton, 𝑝miss

𝑇
and at

least two small-radius and two large-radius jets. DeepJet is used to label small-radius jets as 𝑏-jets.
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Figure 2: Left: Invariant mass of the selected 𝑊
′ hypothesis in signal region of the muon channel, two

𝑏 quark category, reconstructed from the lepton, missing transverse momentum and two jets. In red, a
simulated 𝑊

′ signal is shown, which corresponds to the largest local excess over the background prediction:
2.6𝜎 local and 2.0𝜎 global significance [11]. Right: cross-section exclusion limits for a LH 𝑊

′ assuming
1% decay width [11].

A 𝑊
′ reconstruction is performed, building top quark candidates in a similar way as described

in section 2. To obtain the invariant mass 𝑀𝜇𝜈 𝑗 𝑗 , the 𝑝𝑇 -leading jet of those not used for the top
quark reconstruction is combined with the reconstructed top quark.

Events are categorized depending on the number of 𝑏-jets, and which particles these are
assigned to. Then, the SM background contribution is estimated from data using a transfer function
approach: Events in each category are split into two-dimensional sideband regions using the
reconstructed top quark mass and 𝑚𝑆𝐷 of the large-radius jet closest to the b-associated small-
radius jet. One of the resulting regions is identified as the signal region. The SM prediction in that
region is estimated from a another region, and the two remaining ones are used to assign systematic
uncertainties. Distributions of data, simulated signal and SM predictions are shown in figure 2
(left) for the signal region in one of the considered categories.

No significant deviation from the SM prediction is observed, thus setting upper exclusion limits
on the 𝑊 ′ production cross section. Different interpretations considering 𝑊

′ with different relative
decay widths and chiralities, including a vector-like case with different mixing of LH and RH states,
are performed in this first ever simultaneous probe of𝑊 ′ decay width and chirality. A representative
result for a LH 𝑊

′ with narrow decay width is show in figure 2 (right).

4. Search for pair production of heavy particles decaying to a top quark and a
gluon in the lepton+jets final state

Partner particles of the top quark, motivated as solutions to the naturalness problem, appear
in several theories. A search for a pair production of 𝑡∗, which could be understood as excited
top quark states, is presented in [12]. Analyzing the process 𝑡∗𝑡∗ → 𝑡𝑔𝑡𝑔, a single lepton final
state is considered, selecting events with exactly one lepton, 𝑝miss

𝑇
and multiple jets. Relevant SM

background processes are considered, which mainly is 𝑡𝑡 pair production, but also W+jets, QCD
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Figure 3: Left: Muon channel signal region distribution of the momentum sum 𝑆𝑇 [12]. Right: cross-section
exclusion limits for pair production of spin-3/2 𝑡∗ [12]. Red lines show the results of a previous CMS analysis
[13].

and other processes. Subdominant background processes are suppressed by requiring a 𝑏-tagged
jet using DeepJet.

Due to the high multiplicity of hadronically decaying objects, a mass reconstruction is chal-
lenging. Instead, the analysis relies on a simple energy sum variable: 𝑆𝑇 , defined as the sum of
lepton momentum, jet momenta and 𝑝miss

𝑇
. The analysis uses HOTVR jets to access jet substructure

in form of the N-subjettiness variables 𝜏1, 𝜏2, and 𝜏3, which are then utilized in a deep neural network
(DNN) designed to enrich a region in signal-like events. A two-step decorrelation procedure is
needed to prevent 𝑆𝑇 sculpting by the DNN: After removing the 𝑆𝑇 information from training using
weights, a 𝑆𝑇 -dependent shift of the DNN output score ensures independence of the DNN from
𝑆𝑇 . A threshold on the resulting parameter defines the signal region. In that region, remaining
contributions from SM processes not containing top quarks are estimated with a data-driven method
similar to the one presented in section 3: A transfer function on data from a sideband enriched in
non-top backgrounds by inverting the 𝑏-jet criterion is used. Figure 3 (left) shows the resulting
signal region in the muon channel.

As no deviation from the SM prediction is observed, exclusion limits on the 𝑡∗𝑡∗ pair production
cross section are set. Considerable improvements compared to the previous CMS result [13] are
achieved due to the updated analysis strategy. Assuming B(𝑡∗ → 𝑡𝑔) = 100%, spin-3/2 𝑡∗ with
masses up to 1.7 TeV are excluded. For spin-1/2 𝑡∗, the exclusion limit is 1050 GeV, which are first
ever exclusion limits for this spin scenario.

5. Summary and outlook

Jet substructure analysis is crucial to perform searches for heavy resonances coupling to
third generation quarks at CMS. Three recent results were presented, which showcase the different
available options to utilize this information, both in classical and machine-leaning based approaches.
More results using Run-2 data are expected in the future. Additionally, Run-3 data-taking is currently
ongoing. Even more available data and new jet substructure analysis techniques will open up the
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possibility for further sensitivity improvements. At the same time, the data will allow for further
studies on jet substructure itself.

References

[1] J. Thaler and K. Van Tilburg, Identifying Boosted Objects with N-subjettiness, JHEP 03
(2011) 015 [1011.2268].

[2] A.J. Larkoski, S. Marzani, G. Soyez and J. Thaler, Soft Drop, JHEP 05 (2014) 146
[1402.2657].

[3] T. Lapsien, R. Kogler and J. Haller, A new tagger for hadronically decaying heavy particles
at the LHC, Eur. Phys. J. C 76 (2016) 600 [1606.04961].

[4] E. Bols, J. Kieseler, M. Verzetti, M. Stoye and A. Stakia, Jet Flavour Classification Using
DeepJet, JINST 15 (2020) P12012 [2008.10519].

[5] CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3 (2008) S08004.

[6] CMS Collaboration, Development of the CMS detector for the CERN LHC Run 3, JINST 19
(2024) P05064 [2309.05466].

[7] CMS Collaboration, Search for a heavy resonance decaying into a top quark and a W boson
in the lepton+jets final state at

√
𝑠 = 13 TeV, CMS-PAS-B2G-21-005 (2022).

[8] CMS Collaboration, Search for a heavy resonance decaying to a top quark and a W boson at√
𝑠 = 13 TeV in the fully hadronic final state, JHEP 12 (2021) 106 [2104.12853].

[9] CMS Collaboration, Search for a heavy resonance decaying into a top quark and a W boson
in the lepton+jets final state at

√
𝑠 = 13 TeV, JHEP 04 (2022) 048 [2111.10216].

[10] CMS Collaboration, CMS Beyond SM particles decaying 2(to) Higgs, top and Gauge bosons
(B2G) Public Physics Results,
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G.

[11] CMS Collaboration, Search for W’ bosons decaying to a top and a bottom quark in leptonic
final states in proton-proton collisions at

√
𝑠 = 13 TeV, JHEP 05 (2024) 046 [2310.19893].

[12] CMS Collaboration, Search for pair production of heavy particles decaying to a top quark
and a gluon in the lepton+jets final state at sqrt(s) = 13 TeV, CMS-PAS-B2G-22-005 (2024).

[13] CMS Collaboration, Search for pair production of excited top quarks in the lepton + jets final
state, Phys. Lett. B 778 (2018) 349 [1711.10949].

6

https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1007/JHEP03(2011)015
https://arxiv.org/abs/1011.2268
https://doi.org/10.1007/JHEP05(2014)146
https://arxiv.org/abs/1402.2657
https://doi.org/10.1140/epjc/s10052-016-4443-8
https://arxiv.org/abs/1606.04961
https://doi.org/10.1088/1748-0221/15/12/P12012
https://arxiv.org/abs/2008.10519
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/19/05/P05064
https://arxiv.org/abs/2309.05466
https://cds.cern.ch/record/2845019
https://doi.org/10.1007/JHEP12(2021)106
https://arxiv.org/abs/2104.12853
https://doi.org/10.1007/JHEP04(2022)048
https://arxiv.org/abs/2111.10216
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://doi.org/10.1007/JHEP05(2024)046
https://arxiv.org/abs/2310.19893
http://cds.cern.ch/record/2905021
https://doi.org/10.1016/j.physletb.2018.01.049
https://arxiv.org/abs/1711.10949

	Introduction
	Search for a heavy resonance decaying into a top quark and a W boson in the lepton+jets final state
	Search for W' bosons decaying to a top and a bottom quark in leptonic final states in proton-proton collisions
	Search for pair production of heavy particles decaying to a top quark and a gluon in the lepton+jets final state
	Summary and outlook

