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1. Introduction

The discovery of the Higgs boson (H) [1-3] by the ATLAS [4] and CMS [5] experiments
provided the experimental confirmation of a fundamental prediction of the Standard Model (SM)
of particle physics. Many proposed theoretical models of physics beyond the SM (BSM) extend the
SM scalar sector with additional fields, resulting in a rich phenomenology with extra scalar particles.
Several of the analyses presented in this report employ some of the most advanced techniques used
by CMS to identify and tag large-radius jets and to correct their energy. This report provides a
summary of recent searches performed by the CMS Collaboration using data collected during the
LHC Run 2 at /s = 13 TeV, corresponding to an integrated luminosity of £ = 138 fb~!, with a
focus on heavy bosons and top-rich final states.

2. Overview of searches with heavy bosons and top quarks at LHC

Many BSM scenarios also predict the existence of heavy resonances decaying into massive SM
particles, such as W, Z, and H bosons, as well as the top quark. Examples include extended Higgs
sectors (2HDM, NMSSM), warped extra-dimensional models with Kaluza—Klein excitations, and
heavy vector triplet (HVT) models. Such heavy resonances typically give rise to very energetic
final states, which can be reconstructed as large-radius jets.

3. Jet tagging techniques as a probe to BSM physics

Heavy resonances and scalar particles can decay into highly energetic final states, which are
reconstructed as large-radius jets. Within the CMS Collaboration, state-of-the-art algorithms have
been developed over the past years to improve the reconstruction and identification of such boosted
final states, enabling the targeting of new phase spaces and topologies for the first time.

One of these algorithms is the ParticleNet tagger [6], a Graph Convolutional Neural Network
(GCNN) in which jets are represented as particle clouds. The output of the tagger is a set of
probability scores corresponding to the likelihood that a jet originates from a specific particle
decay, such as those of the SM Higgs boson, top quark, tau lepton, or vector bosons. Mass-
decorrelation techniques are also applied to remove correlations between the tagger output and the
jet mass; this variant is referred to as ParticleNet-MD.

A second algorithm used in CMS is the Heavy Object Tagger with Variable R (HOTVR) [7].
This algorithm dynamically adjusts the jet radius and merges soft radiation and subjets, employing
the N-subjettiness method [8, 9] to identify W/Z-like or top-like jets.

The final algorithm employed in the analyses presented at this conference is the Soft Drop
algorithm [10], which “grooms” the jet mass by removing soft, wide-angle radiation.

4. Highlights of recent results
4.1 Search for a new heavy scalar boson decaying into a Higgs boson and a new scalar
particle in the four b-quarks final state

A two-dimensional search for a new resonance X and a scalar Y is presented in Ref. [11]. The
new resonance X is produced via gluon fusion and decays into a resonance Y and a SM Higgs boson
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(H), where both subsequently decay into pairs of bb quarks, as shown in Fig. 1. The target mass
ranges for the two resonances are my € [400, 1600] GeV and my € [60, 1400] GeV.

Figure 1: Diagram illustrating the X — YH — bbbb process studied in Ref. [11].

The strategy followed is to split the phase space into two regions: the main dataset, which has
the potential to contain the signal process and requires four jets to be tagged as b-jets passing the
medium DEEPJET working point; and a background-dominated dataset, composed predominantly
of background events, which is used exclusively for modeling the background and requires three
jets to be tagged as b-jets passing the medium DEEPJET working point. The SM Higgs boson is
reconstructed from the pair of b-tagged jets whose invariant mass is closest to 125 GeV, while the
remaining two b-tagged jets are used to reconstruct the Y resonance. Finally, both datasets are
subdivided into regions based on the reconstructed mass of the SM Higgs boson. The dominant
background in this analysis is QCD multijet production, which is modeled using a data-driven
method. A BDT is employed to correct for discrepancies between the main dataset and background-
dominated dataset. No significant excess of events over the SM background expectation is observed,
and upper limits are set on the productions cross section as a function of mx and my as shown in
Fig. 2.

4.2 Search for a heavy resonance decaying into a Z and a Higgs boson in events with an
energetic jet and two electrons, two muons, or missing transverse momentum

The search for a heavy resonance Z' decaying into a Z boson and a Higgs boson (Hjzs),
presented in Ref. [14], was discussed at this conference. The analysis focuses on identifying a
boosted, hadronically decaying Higgs boson and a leptonically decaying Z boson reconstructed
from a pair of ete™, u*u~, or vv final states. This search incorporates a detailed study of Heavy
Vector Triplet (HVT) models and the emergence of spin-1 vector boson resonances, following two
benchmark scenarios with different coupling values of the vector boson to the Hj>5 and V bosons
(gu = cugv), and to fermions (gr = g2cg/gv). Two benchmark models are considered: model A,
with cg = —0.556, cg = —1.316, and gv = 1; and model B, with cg = —0.976, cg = 1.024, and
gv = 3. The target mass range for the Z’ is 1.4-5.0 TeV.

The signal is targeted by selecting events with one large-radius jet (AK8) passing the ParticleNet
XvsQCD MD tagger with a score of sy > 0.95, which corresponds to a 1% misidentification rate. For
the dilepton final states, events are selected with two oppositely charged leptons, while for events
with no leptons, a high missing transverse momentum (p?iSS > 250 GeV) is required. The SM
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Figure 2: Expected and observed 95% CL upper limits on the production cross section times branching ratio
for X — YH — bbbb signal shown in the two-dimensional mx and my plane. These limits are compared to
the maximally allowed cross section times branching ratio values determined with NMSSM and taking into
account previous experimental constraints. The NMSSM limits are obtained with NMSSMTOOLS 5.6.2 and
appear in Ref [12]. A few mass hypotheses where the observed limits are more restrictive than the NMSSM
limits are indicated by the red hatched areas.

background prediction is obtained by fitting a one-dimensional function fy (x) = exp (Zf\; 0 pixi)

for N = 2, where the p; are free parameters, to the data. A simultaneous fit is performed to

the Z’ invariant mass (mrze,c) distribution in the dilepton final states and to the Z’ transverse mass

(my, = \/ 2pHpTiss[1 — cos Ag (B2, B%))) distribution in the neutrino final state, as shown in Fig. 3.
No significant excess of events over the SM background expectation is observed, and upper limits
are set on the production cross section as a function of the Z’ boson mass, as shown in Fig. 4.
Exclusion limits at 95% confidence level are established for Z’ boson masses below 3 TeV for both
benchmark models.

4.3 Search for heavy neutral Higgs bosons A and H in the ttZ channel

This two-dimensional search, presented in Ref. [15], targets heavy neutral Higgs bosons A and
Hinthe A —» ZH,Z — ¢*¢~,H — tt — all-jet channel. The targeted mass range is 430-2100 GeV
for the A boson and 330-2000 GeV for the H boson.

The signal is targeted by selecting events with two oppositely charged, same-flavor leptons
(ete” or u*u~) and at least one AK4 jet tagged as a b-jet. In addition, the dilepton system is
required to have an invariant mass within the Z-boson mass window (86 GeV < my, < 96 GeV).
Events are further categorized as a function of the number of jets and b-tagged jets. The mass of
the H boson (my) is reconstructed as the invariant mass of the tt system. For events with up to six
jets, all jets are used in the reconstruction, while for events with more than six jets, the six jets that
minimize a y? function, quantifying the compatibility of the invariant masses of two- and three-jet
combinations with the known masses of the W boson and the top quark are used.
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Figure 3: Distributions in m7;" and m; for data in the SRs, together with fits of the background functions
under the background-only hypothesis for the electron (left), muon (middle), and neutrino (right) channels.
The signal predictions are shown for different Z’ boson masses, normalized to an arbitrary cross section of
1 fb. In the panels below the distributions, the ratios of data to the background function are displayed. The
shaded green areas represent the statistical uncertainty from the fit. The y? values per number of degrees of
freedom (y?/n.d.f.) and the corresponding p-values are provided for each fit.
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Figure 4: Expected and observed 95% CL upper limits on the product of the production cross section
o (pp — Z’) and branching fraction 8(Z’ — ZH) as functions of the Z’ boson mass from the combination
of all final states. The limits are compared with the predictions of the HVT model and the expected limits
(shown by red curves) from a previous analysis (left). Observed upper limits at 95% CL on g for different
7’ boson masses as functions of the product of gy with the sign of gg. The two benchmark scenarios of the
HVT model are shown by the black markers (right).

A two-dimensional distribution in Am = my — my and p%, reduced to a one-dimensional
histogram, which is used as the final observable to search for the signal, as illustrated in Fig. 5. No
evidence for a signal is observed. Stringent upper limits are set on the product of the production
cross section and branching fractions for A and H boson masses up to may = 2100 GeV and
myg = 2000 GeV, respectively, assuming narrow resonances.
constrain the parameter space of two-Higgs-doublet models as a function of tan 8 and cos (8 — «),

The results are further used to

as shown in Fig. 6. The excess of events reported by the ATLAS Collaboration in the region
around (ma, myg) = (650,450) GeV, with a local significance of 2.85 standard deviations [16], is
not observed in this search, which has comparable expected sensitivity.
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Figure 5: Expected (Am, p%) distribution for signal events with my = 1000 GeV and myg = 350 GeV
(red) and for the sum of backgrounds (blue) in the signal region (SR) > 6j, > 2b, showing the elliptical
bin boundaries (solid lines) used to construct the final observable (left). The right panel shows the post-fit
distributions of Am xp% in the SRs, for signal hypotheses of my = 1000 GeV and my = 850 GeV. The post-fit
signal (solid red line) and background (colored histograms) are shown with their best-fit normalizations from
the simultaneous fit combining the u*u~ and e*e™ channels. In the left plot, the post-fit signal cross section
is 0.0 £ 0.1 fb and therefore not shown; the dashed red line represents the signal normalized to 25 fb (pre-fit).
The lower panels display the ratios of data to background (black points) and of signal-plus-background to
background (red line). Hatched bands indicate the total post-fit uncertainty.
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Figure 6: Median expected (dashed lines) and observed (filled contours) 95% CL exclusion regions in the
(ma, my) parameter space of the type-II 2HDM for tan 8 = 0.5 (blue), 1 (orange), and 1.5 (red), assuming
narrow resonances. The enclosed areas are excluded. Dotted lines indicate points of constant total decay
width 'y for each tan 8 value (left). Median expected (dashed) and observed (filled) 95% CL exclusion
regions are also shown in the type-II 2HDM parameter spaces of (tan 5, my) at myg = 400 GeV (middle)
and (tan 3, cos (8 — @)) at mp = 600 GeV and myg = 400 GeV (right), both derived under the narrow-width
assumption. The enclosed areas are excluded, and the dotted lines represent contours of constant I'a.

4.4 Search for high-mass resonances in a final state comprising a gluon and two
hadronically decaying W bosons

Similar to the previews analysis, a two-dimensional search for new resonances ggyx and scalar
R is presented in Ref. [13]. A Kaluza—Klein gluon, gk, decaying in cascade via a scalar radion R,
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gxx — ZR — gWW, is considered. The final state studied consists of three large-radius jets, two of
which contain the products of hadronically decaying W bosons, and the third one the hadronization
products of the gluon as shown in Fig. 7. The target mass ranges for the two resonances are
mg, . € [1.25,4.50] TeV and mg € [0.04,0.90] X mg,, .

Figure 7: Diagram illustrating the gxx — gR — gWW process studied in Ref. [13].

The signal is targeted by selecting events with three large-radius jets (AKS8), two of which
are required to pass the ParticleNet WvsQCD MD tagger with scores of s; > 0.9 and s;, > 0.8,
while the remaining AKS8 jet is denoted as j.. The phase space is divided into three regions,
control (CR), validation (VR), and signal (SR), based on the constructed observable mgs =

\/ (m; —85 GeV)2 + (mj, — 85 GeV)z, where mj, is the soft-drop mass of the AK8 jets. The
regions are defined as follows: SR for mgs < 15 GeV, VR for 15 < mgs < 20 GeV, and CR for
mgs > 20 GeV. The mass of the scalar R (mj;) is constructed from the two W tagged jets and the

mass of the gy (mjjj) is constructed from adding to the scalar R the third jet. Then the two mass are
"corrected" as follows: mj*j = mjj —m;j, —mj, +2x85GeV and mj*jj = myj; — m;, —m;, +2 X35 GeV.
Events in the SRs are further categorize as a function of m; / m}‘jj and s;, leading to ten orthogonal
regions. The dominant background in this analysis is QCD multijet production, which is modeled
using a data-driven method. Simultaneous fit of mj‘jj discriminant in all the ten SRs is performed.
No significant excess of events over the SM background expectation is observed, and upper limits
are set on the productions cross section as a function of mg and mg, as shown in Fig. 8. Exclusion

limits at 95% CL are set for mg,  in the range of 1.25-3.55 TeV and mg in the range of 0.3-2.18 TeV.

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

The final search in this presentation of the conference is a search for the pair production of
new heavy resonances (t't ), each decaying into a top quark (t) or anti-top quark and a gluon (g)
in the lepton-plus-jets final state, as described in Ref. [17] and illustrated in Fig. 9. The heavy
resonance has the same weak isospin, color, and weak hypercharge as the top quark, and can exist
with different spins: spin-1/2 or spin-3/2. The targeted mass range for t* is 0.7-3.0 TeV.
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Figure 9: Diagram illustrating the t't" — tgtg — £v + jets process studied in Ref. [17].

The signal is targeted by selecting events with one lepton (e or u), one variable-radius jet
reconstructed using the HOTVR algorithm, and at least four AK4 jets. Events are classified with
a custom DNN classifier that outputs a score spyy. The classifier has a fully connected feed-
forward architecture with four hidden layers of 25 nodes each. It is trained on tt events and a
balanced mixture of signal samples corresponding to different mass points and spin hypotheses. A
data-driven method is employed to estimate the non-top SM background contribution.

The observable used to search for the signal is the scalar sum of the transverse momenta of all
reconstructed objects and the missing transverse energy, defined as St = p{% + p?iss + Zf.vje“ p%. To
mitigate correlations between the DNN output and St, the Designing Decorrelated Taggers (DDT)
method [18] is applied. The transformed variable sppt = spnn — f(ST. €;) is used to maintain a
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constant tt rejection efficiency of €; = 30%. Selecting events with sSDDT > 0 ensures a fixed ett
and removes residual correlations with St.

A simultaneous fit to the St distributions in the e and p final states is performed for each
spin hypothesis, as shown in Fig. 10. No significant excess of events over the SM background
expectation is observed, and upper limits are set on the production cross section as a function of
my, as shown in Fig. 11, for both spin hypotheses. Exclusion limits at 95% confidence level are set
for mg= < 1050 GeV (spin-1/2) and me < 1700 GeV (spin-3/2).
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Figure 10: Distributions in St in the SR for the muon (left) and electron (right) channels, after a background-
only fit to the data. The signal distributions are scaled to the cross section predicted by the theory. The
hatched bands show the post-fit uncertainty band, combining all sources of uncertainty. The ratio of data to
the background predictions is shown in the panels below the distributions.
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Figure 11: Expected and observed 95% CL upper limits on the product of the t*t" production cross section
and the squared branching fraction 82(t* — tg) as a function of m, for spin-1/2 (left) and spin-3/2 (right)
t* hypotheses. The inner (green) and outer (yellow) bands represent the 68% and 95% expected ranges
under the background-only hypothesis. Theoretical predictions from the EFT model of Ref. [19], assuming

B(t* — tg) = 1, are shown as dotted lines. Results from the previous CMS analysis [20], based on 35.9 b1,
are also shown for comparison.
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5. Conclusions

Searches for heavy resonances and scalar particles decaying into top quarks and SM bosons
have been performed using the full Run 2 CMS dataset at v/s = 13 TeV. No significant deviations
from the SM predictions are observed across the explored final states. Stringent limits are set on the
production cross sections and model parameters for a wide range of benchmark scenarios, including
extended Higgs sectors, heavy vector triplets, Kaluza—Klein resonances, and excited top quarks.
The results substantially extend the exclusion reach of previous analyses and provide valuable
constraints for future BSM interpretations. Further improvements are expected with the ongoing
Run 3 data and advanced jet-tagging and machine-learning techniques.

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B716 (2012) [hep-ex/1207.7214].

[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the CMS experi-
ment at the LHC, Phys. Lett. B 716 (2012) [hep-ex/1207.7235].

[3] CMS Collaboration, Observation of a new boson with mass near 125 GeV in pp collisions at
\s =7 and 8 TeV, JHEP 06 (2013) [hep-ex/1303.4571].

[4] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, JINST
3 S08004.

[S] CMS Collaboration, The CMS experiment at the CERN LHC, JINST 3 S08004 [hep-
ex/1303.4038].

[6] H. Qu and L. Gouskos, Jet tagging via particle clouds, Phys. Rev. D 101 (2020) 056019.

[7] 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.

[8] J. Thaler and K. Van Tilburg, Maximizing boosted top identification by minimizing N-
subjettiness, JHEP 02 (2012) 093.

[9] J. Thaler and K. Van Tilburg, Identifying boosted objects with N-subjettiness, JHEP 03 (2011)
015.

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

[11] CMS Collaboration, Search for a new heavy scalar boson decaying into a Higgs boson and a
new scalar particle in the four b-quarks final state using proton-proton collisions at \/s = 13
TeV, CMS-PAS-HIG-20-012.

[12] U. Ellwanger and C. Hugonie, Benchmark planes for Higgs-to-Higgs decays in the NMSSM,
Eur. Phys. J. C 82 (2022) 10364.

10


https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269312008581?via%3Dihub
https://link.springer.com/article/10.1007/JHEP06(2013)081
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08003
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08003
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1103/PhysRevD.101.056019
https://doi.org/10.1140/epjc/s10052-016-4443-8
https://doi.org/10.1007/JHEP02(2012)093
https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1007/JHEP05(2014)146
https://cds.cern.ch/record/2914871
https://doi.org/10.1140/epjc/s10052-022-10364-3

Highlights from searches with heavy bosons and tops at CMS Christos Leonidou

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

CMS Collaboration, Search for high-mass resonances in a final state comprising a gluon and
two hadronically decaying W bosons in proton-proton collisions at \/s = 13 TeV, JHEP 02
(2025) 199.

CMS Collaboration, Search for a heavy resonance decaying into a Z and a Higgs boson in
events with an energetic jet and two electrons, two muons, or missing transverse momentum
in proton-proton collisions at \/s = 13 TeV, JHEP 02 (2025) 089.

CMS Collaboration, Search for heavy neutral Higgs bosons A and H in the ttZ channel in
proton-proton collisions at \/s = 13 TeV, Phys. Lett. B 866 (2025) 139568.

ATLAS Collaboration, Search for a CP-odd Higgs boson decaying into a heavy CP-even Higgs
boson and a Z boson in the €*{™tf and vvbb final states using 140 fb~ of data collected with
the ATLAS detector, JHEP 02 (2024) 197.

CMS Collaboration, Search for pair production of heavy particles decaying to a top quark
and a gluon in the lepton+jets final state in proton—proton collisions at \s = 13 TeV, Eur.
Phys. J. C 85 (2025) 13729.

J. Dolen, P. Harris, S. Marzani, S. Rappoccio, and N. Tran, Thinking outside the ROCs:
Designing Decorrelated Taggers (DDT) for jet substructure, JHEP 05 (2016) 156.

H. Alhazmi, J. H. Kim, K. Kong, and I. M. Lewis, Shedding light on top partner at the LHC,
JHEP 01 (2019) 139.

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

11


https://doi.org/10.1007/JHEP02(2025)199
https://doi.org/10.1007/JHEP02(2025)199
https://doi.org/10.1007/JHEP02(2025)089
https://doi.org/10.1016/j.physletb.2025.139568
https://doi.org/10.1007/JHEP02(2024)197
https://doi.org/10.1140/epjc/s10052-024-13729-y
https://doi.org/10.1140/epjc/s10052-024-13729-y
https://doi.org/10.1007/JHEP05(2016)156
https://doi.org/10.1007/JHEP01(2019)139
https://doi.org/10.1016/j.physletb.2018.01.049

	Introduction
	Overview of searches with heavy bosons and top quarks at LHC
	Jet tagging techniques as a probe to BSM physics
	Highlights of recent results
	Search for a new heavy scalar boson decaying into a Higgs boson and a new scalar particle in the four b-quarks final state
	Search for a heavy resonance decaying into a Z and a Higgs boson in events with an energetic jet and two electrons, two muons, or missing transverse momentum
	Search for heavy neutral Higgs bosons A and H in the ttbarZ channel
	Search for high-mass resonances in a final state comprising a gluon and two hadronically decaying W bosons
	Search for pair production of heavy particles decaying to a top quark and a gluon in the lepton+jets final state

	Conclusions

