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Abstract This paper presents a search for new physics
through the process where a massive particle, X, decays into
aHiggs boson and a second particle, Y. The Higgs boson sub-
sequently decays into a bottom quark—antiquark pair, which
is reconstructed as a single large-radius jet. The decay prod-
ucts of Y are also assumed to produce a single large-radius jet.
The identification of the Y particle is enhanced by computing
the anomaly score of its candidate jet using an autoencoder,
which measures deviations from typical quark- or gluon-
induced jets. This allows a simultaneous search for multiple
Y decay scenarios within a single analysis. In the main bench-
mark process, Y is a scalar particle that decays into a W boson
pair. Two other scalar Y decay processes are also considered
as benchmarks: decays to a light quark—antiquark pair, and
decays to a top quark—antiquark pair. A fourth benchmark
process considers Y as a hadronically decaying top quark,
arising from the decay of a vector-like quark into a top quark
and a Higgs boson. Datarecorded by the CMS experiment ata
center-of-mass energy of 13 TeV in 20162018, correspond-
ing to an integrated luminosity of 138 fb_l, are analyzed.
The search covers X masses between 1.4 and 3.0 TeV and Y
masses between 90 and 400 GeV, with all simulated signals
produced in the narrow-width approximation. No significant
excess above the standard model background expectation is
observed. The most stringent upper limits to date are placed
on benchmark signal cross sections for various masses of X
and Y particles

1 Introduction

The standard model (SM) of particle physics [1-3] is an
exceptionally successful theory, demonstrating remarkable
agreement across the whole range of experimental obser-
vations. Despite its success, there are indications that point
toward the existence of physics beyond the SM (BSM). These
include, among others, the unknown nature of dark matter [4],
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and the insufficient violation of the combined charge conju-
gation and parity symmetry to explain the observed baryon
asymmetry of the universe [5].

To address such questions, a multitude of BSM theoret-
ical models, such as supersymmetry [6,7], large or warped
extra dimensions [8—10], and those incorporating additional
scalar or gauge particles [11] have been proposed. A com-
mon feature of these theoretical models is the prediction of
new particles. Therefore, one avenue of exploration for BSM
physics involves resonance searches, which aim to recon-
struct the four-momentum of a new particle by analyzing its
decay products. Recent advancements in machine-learning
techniques have further motivated the development of inclu-
sive, model-independent searches capable of probing mul-
tiple decay scenarios without reliance on specific assump-
tions [12]. Signatures involving the Higgs boson are well
motivated in BSM searches, as new particles may preferen-
tially couple to it [13,14].

We search for processes of the form X — HY, where X
is a heavy BSM resonance, H is the 125 GeV Higgs boson,
and Y can be either an SM or a BSM particle. We focus
on the case where H decays to a bottom quark—antiquark
pair (bb), its most probable decay mode, and Y gives rise
to a hadronic jet. The analysis targets the regime where X
is sufficiently massive that both H and Y are produced with
large Lorentz boosts, causing their decay products to be colli-
mated and reconstructed as large-radius jets clustered with a
distance parameter of 0.8 [15,16]. An illustration of the pro-
cess of interest is shown in Fig. 1. The analysis uses proton-
proton (pp) collision data at /s = 13 TeV collected by the
CMS experiment at the CERN LHC in 2016-2018, and cor-
responding to an integrated luminosity of 138 b

We evaluate the results in four benchmark signal scenar-
ios. In the main scenario, Y is a scalar particle decaying to a
V'V pair, where V (W or Z boson) decays hadronically. We
choose the WW decay as the proxy for this process; however,
similar sensitivity is expected also for the ZZ or WZ decays.
The decay allows for one or both vector bosons to be off-shell.
Two additional scalar particle decay modes are considered,
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Fig. 1 Anillustration showing the signal targeted by this analysis. The
final state consists of a large-radius jet originating from H decaying to
bb and another large-radius jet originating from the decay of a second
particle, Y

with Y decaying either into a light-flavored quark—antiquark
pair (qq) or a top quark—antiquark pair (tt), in which both top
quarks decay fully hadronically. In the fourth scenario, Y is
a top quark decaying fully hadronically. These four scenar-
ios span a range of jet substructures, enabling the evaluation
of the analysis performance across diverse signal signatures.
The first three benchmark scenarios are motivated by the-
oretical models, such as the next-to-minimal supersymmet-
ric extension of the SM (NMSSM) [17], in which cascade
decays involving more than one new particle become possi-
ble. Reference [13] provides an overview of CMS searches
for the pp — S >H+S process, where S’ and S repre-
sent new scalar particles and S is assumed to decay to bb.
However, depending on the NMSSM parameters, other S
decay modes may be favored, motivating searches targeting
alternative S decays. The presented analysis thus comple-
ments Ref. [13] by exploring benchmark models with differ-
ent S decay modes. The fourth signal scenario is motivated
by models predicting the existence of vector-like quarks [18].
This work builds on a generic dijet anomaly search per-
formed by the CMS Collaboration [19], but it specifies one
particle and its decay mode (H — bb). This enables the
application of more specific event selection criteria, enhanc-
ing the sensitivity of the analysis, while retaining a degree of
generality in the characterization of the second particle.
The PARTICLENET [20] jet tagging algorithm, is applied
to H candidate jets to assign scores indicating consistency
with the decay of a massive resonance into bb. The PAR-
TICLENET score is used to define “Pass” and “Fail” analysis
regions. An autoencoder (AE) [19] is applied to Y candidate
jets to assign anomaly scores, with higher scores indicating
deviation from jets typical of multijet production via quantum
chromodynamics (QCD). This approach enables the identi-
fication of jets with unusual substructure, potentially arising
from BSM decays, without relying on specific signal models.
The anomaly score is used to define measurement (MR) and
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control (CR) analysis regions. Thus, the analysis uses four
orthogonal regions, with the search performed in MR Pass.
The specific selection criteria for these regions are defined in
Sect. 4.

The search is carried out in a two-dimensional (2D) plane
defined by the mass of the Y candidate jet, MjY, and the
dijet invariant mass of the Y and H candidate jets, M;;. For a
signal process, the two variables correspond to the masses of
Y and X, denoted as My and My, respectively. As a result,
the analysis searches for a localized excess of events in the
ij—MjY plane.

The paper is organized as follows. After the description
of the CMS detector and event reconstruction in Sect. 2,
we describe signal and background processes in Sect. 3.
The event selection is discussed in Sect. 4, followed by the
description of the statistical model in Sect. 5 and systematic
uncertainties in Sect. 6. The results are presented in Sect. 7,
followed by a summary of the paper in Sect. 8.

2 The CMS detector and event reconstruction

The CMS apparatus [21] is a multipurpose, nearly hermetic
detector, designed to trigger on [22-24] and identify elec-
trons, muons, photons, and charged and neutral hadrons [25-
27]. Its central feature is a superconducting solenoid of 6 m
internal diameter, 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 scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity (1) coverage provided by the
barrel and endcap detectors. Muons are reconstructed using
gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. More detailed descriptions of the
CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be
found in Refs. [21,28].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of about 4 us [22]. The second level, known
as the high-level trigger, 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 a
few kHz before data storage [23,24].

A particle-flow algorithm [29] aims to reconstruct and
identify each individual particle in an event, with an opti-
mized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from
the ECAL measurement. The energy of electrons is deter-
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mined 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
originating from 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 the response
function of the calorimeters to hadronic showers. Finally, the
energy of neutral hadrons is obtained from the corresponding
corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these
reconstructed particles using the infrared- and collinear-safe
anti-kp algorithm [15,16] with a radius parameter of either
0.4 (AK4jets) or 0.8 (AK8 jets). Jet momentum is determined
as the vectorial sum of all particle momenta in the jet, and is
found from simulation to be, on average, within 5—-10% of the
true momentum over the whole transverse momentum (pr)
spectrum and detector acceptance. Additional pp interactions
within the same or nearby bunch crossings (pileup) can con-
tribute additional tracks and calorimetric energy depositions
to the jet momentum. The pileup-per-particle identification
algorithm [30,31] is used to mitigate the effect of pileup at
the reconstructed particle level, making use of local shape
information, event pileup properties, and tracking informa-
tion. A local shape variable is defined, which distinguishes
between collinear and soft diffuse distributions of other parti-
cles surrounding the particle under consideration. The former
is attributed to particles originating from the hard scatter and
the latter to particles originating from pileup interactions.
Charged particles identified to be originating from pileup
vertices are discarded. For each neutral particle, this variable
is computed using the surrounding charged particles com-
patible with the primary interaction vertex within the tracker
acceptance (|n| < 2.5), and using both charged and neutral
particles in the region outside of the tracker coverage. The
momenta of the neutral particles are then rescaled according
to their probability to originate from the primary interaction
vertex deduced from the local shape variable, superseding
the need for jet-based pileup corrections [30].

For AKS jets, masses are computed after applying groom-
ing [32] techniques, which remove soft, wide-angle and
collinear radiation from the jets, in order to mitigate the
effects of contamination from initial-state radiation, the
underlying event, and multiple hadron scattering. The trim-
ming algorithm [33] uses a subjet size parameter of 0.3 and
a radiation fraction parameter z = 0.1, which determines
the minimum p fraction that the reclustered jet constituents
need to have in order not to be removed. The mass of the resul-
tant jet is referred to as its “trimmed mass”. The “soft-drop
mass” of the jet is obtained as follows. The constituents of
the AKS jets are reclustered using the Cambridge—Aachen

algorithm [34,35]. Then, the “modified mass drop tagger”
algorithm [36,37], also known as the “soft drop” algorithm,
is applied. The algorithm is applied with angular exponent
B = 0, soft cutoff threshold z.,, < 0.1, and characteris-
tic radius Ry = 0.8 [38], which corresponds to the AKS8 jet
clustering distance parameter.

3 Signal and background processes

The main benchmark decay mode in this paper is X —
HY — bEW+W7, where X and Y are scalar particles, and
where both W bosons decay hadronically. It is simulated
at leading order (LO) using the MADGRAPH5_aMC@NLO
2.6.5 [39] event generator and the NMSSM model [17,40].
The samples are generated for 42 different combinations
of My and My values, with My ranging from 1400 to
3000 GeV, and My ranging from 90 to 400 GeV. The range
of My is chosen to ensure full trigger efficiency at low mass
and sufficient background event yields for the background
estimation procedure at high mass, while the My values are
selected to maintain validity of the Lorentz-boosted regime
across the My spectrum. Two other scalar decay modes,
Y — qq (with uu used as a proxy) and Y — tt, are
also simulated at LO with the NMSSM model using MAD-
GRAPHS_aMC@NLO 2.6.5, each with a fixed My (200 and
400GeV, respectively) and the same range of My values as
the main benchmark. The above scalar benchmark processes
are modeled assuming production via gluon-gluon fusion.
The Y — bqq’ decay mode is also considered, motivated by
models predicting vector-like quarks [18]. In this scenario,
X is identified as a vector-like quark and Y as the top quark.
Here, the anomalous jet originates from the fully hadronic
decay of the top quark, providing an example that such jets
do not necessarily have to come from a BSM particle. This
scenario is simulated at LO for six different My values with
My set to the mass of the top quark. In the rest of the paper,
we differentiate between the signal models by specifying the
decay mode of Y. All generated signal samples assume the
narrow-width approximation for X and Y.

The SM background consists of tt production, QCD mul-
tijet events, W-jets and Z+jets processes, and H production,
with and without an associated vector boson.

The tt events in all-hadronic or lepton(s)+ets final states
are modeled using POWHEG 2.0 [41-44], at next-to-LO
(NLO). The simulated tt event yields are normalized using a
cross section of 834 pb, calculated at next-to-NLO (NNLO)
in QCD with soft gluon resummation at next-to-next-to-
leading logarithmic precision [45]. The theoretical uncer-
tainty on this cross section is approximately 5%, combin-
ing scale, parton distribution function (PDF), and top mass
uncertainties in quadrature.
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The QCD multijet, W +jets, and Z +jets event samples
are simulated at LO using the MADGRAPHS_aMC @NLO event
generator. These backgrounds have nonresonant distributions
in the analysis observables and are thus jointly estimated
using data from the sidebands. Their simulated samples are
only used to develop the tools for the analysis. The gluon-
gluon fusion H boson production process is simulated using
the MINLO event generator [46]. The POWHEG generator [47,
48]is used to model H production via vector boson fusion and
associated production with a W or Z boson at NLO accuracy.

All samples are generated using the NNPDF3.1 [49]
NNLO PDFs from the LHAPDF6 PDF library [50]. The show-
ering and hadronization of partons are simulated with PYTHIA
8.240 [51] and the CP5 underlying event tune [52].

All generated events are processed through a simulation
of the CMS detector based on GEANT4 [53]. The effects
of pileup are modeled assuming a total inelastic pp cross
section of 69.2 mb [54] by overlapping simulated minimum
bias events with the hard-scattering process. All simulated
event samples are weighted to match the distribution of pileup
vertices observed in the data.

4 Event selection

The online selection uses triggers based on significant jet
activity. Different trigger thresholds were used in 2016 (2017
and 2018) as follows. One trigger criterion required a sin-
gle AKS jet with pr > 450 (500) GeV. A second trigger
required that Hr, the scalar sum of the pr of all AK4 jets
with pr > 30GeV and |5| < 2.5, must be greater than 900
(1050) GeV. Additionally, in 2017-2018, a third trigger algo-
rithm required an AK8 jet with a trimmed mass > 30 GeV
along with pt > 400 GeV. The combined logical OR of all
the triggers is used. The trigger selection is fully efficient
with respect to the offline selection.

The offline selection requires the two leading (in pp) AKS8
jets to have pr > 300GeV and || < 2.4. A require-
ment is also placed on the invariant mass of the two jets,
M;; > 1300 GeV, where M;; is computed from the jet four-
vectors, including the jet mass. A selection is also placed on
the difference in 1 between the jets, |A77jj| < 1.3, in order
to further suppress the QCD multijet background, which is
characterized by larger jet separation. Finally, the H candi-
date jet, defined below, is required to have its soft-drop mass
in the 100-150 GeV range.

The PARTICLENET algorithm [55] is used to discriminate
AKS jets consistent with the decay of a massive particle into
bb against the background from jets originating from QCD
multijet production. A mass-decorrelated version of PAR-
TICLENET [56] is used to ensure that background-enriched
regions can be defined using jets with low PARTICLENET
scores while maintaining the same background mass distri-
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butions in the regions passing the PARTICLENET selection.
The jet with the higher PARTICLENET score is considered to
be the H candidate jet and the other to be the Y candidate jet.
The soft-drop mass of the Y candidate jet (MJ-Y) isused as a
second observable alongside M;;.

An AE neural network [57] is used to quantify the anomaly
score of the Y candidate jet. An AE consists of two parts. The
first part, the “encoder”, compresses an input into a latent
representation of reduced dimensionality. The second part,
the “decoder”, reverses this process and attempts to recon-
struct the original input from the reduced representation. We
choose to represent jets as 32 x 32 pixel images [58], covering
a region of n—¢ space with width An = A¢ = 1.2 centered
on the jet axis, where ¢ is the azimuthal angle in radians. The
intensity of each pixel is determined by the sum of energies
from the constituent particles within the given n—¢ region.
We define the anomaly score as the mean squared difference
between the pixel intensities of the input image and the recon-
structed output. This AE architecture was previously used in
Ref. [19] as part of the “Tag N’ Train” method (as discussed
in Appendix A.2 of Ref. [19]). The training is performed on
simulated QCD jets, allowing the AE to compress these jets
with minimal information loss. However, for non-QCD jets
(from signal, tt production, etc.), which exhibit different sub-
structure patterns, this procedure leads to poor compression
and reconstruction of the original jet. This enables effective
discrimination of non-QCD jets.

Each event is categorized into one of four groups based on
the PARTICLENET score of the H candidate jet (pass or fail)
and the anomaly score of the Y candidate jet (control region
or measurement region): CR Pass, CR Fail, MR Pass, and MR
Fail. The CR is used to validate the background estimation
method, described below, whereas the MR is used to extract
the signal. The Fail regions are used to help estimate the shape
of the QCD multijet background in their corresponding Pass
regions.

A PARTICLENET working point corresponding to a 260%
signal efficiency (defined as the fraction of signal jets pass-
ing the selection), as measured on the main benchmark with
My = 2000 GeV and My = 250 GeV, and a ~0.5% mistag
rate (defined as the fraction of multijet background jets pass-
ing the selection) defines the boundary between the Pass and
Fail tagging categories.

An anomaly score working point with ~85% signal effi-
ciency and 30% mistag rate on the same benchmark defines
the MR region. The CR consists of jets that fail the anomaly
score MR working point. A lower bound on the anomaly
score is applied so that the CR remains similar to the MR,
which helps with the validation of the background estimation
method. As a result, about 10% of signal and 30% of QCD
jets are assigned to the CR.
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The PARTICLENET efficiency for correctly identifying
H — bb jets is calibrated in observed data using a sample of
jets originating from fragmentation of a gluon to bb, which
are similar to H — bb jets. Such jets are selected from the
observed data using a boosted decision tree classifier, such
that their ensemble PARTICLENET score resembles that of
H — bb jets [59]. A systematic uncertainty is assigned to
account for the sensitivity of the results to changes in the
boosted decision tree requirement applied to the jets. The
data-to-simulation correction factors for the PARTICLENET
signal selection efficiency range from 0.93-1.05, with uncer-
tainties up to 15%, depending on the jet pr and data-taking
period. The PARTICLENET efficiency for misidentifying jets
from the tt background as H — bb jets is constrained
directly in the fit to data by allowing the yield in the Pass
and Fail regions to vary while keeping the total yield con-
stant.

The data-to-simulation scale factors for the efficiency of
the anomaly score selection are calculated using the Lund
plane reweighting method [60], separately for each signal
process and for the tt background. The method involves
applying per-jet event weights based on their distribution in
the Lund plane, a 2D representation defined by the loga-
rithms of splitting angle and pr. These weights are used to
adjust the simulated radiation pattern so that the density in the
Lund plane matches that observed in the data. It was found
that the shapes of the two observables, MjY and ij, do not
change significantly with the application of per-jet weights.
This allows applying an overall correction to the anomaly
tagging efficiency instead of per-jet event reweighting. The
corrections are calculated as the ratio of the anomaly tag-
ging efficiency before and after per-jet reweighting. They are
found to be compatible with unity, with 10-20% uncertainty.

5 Statistical model

The analysis searches for a localized signal in the 2D M;;-

MjY plane. The ij (MjY) axis spans the 1300-3000 (40—
500) GeV range. For higher masses, the bin widths are
increased in order to ensure sufficient population of each bin.
As aresult, all the bins in the MR Fail have 8 or more observed
events. This helps to reduce the per-bin statistical uncertain-
ties in the QCD multijet background in the Pass region. The
ij-MjY distributions for the background and signal predic-
tions are simultaneously fitted to data in either the MR Pass
and MR Fail, or CR Pass and CR Fail. The contributions from
different data-taking periods are added together in data and
simulation to construct 2D histogram templates. The tem-
plates for the tt and H production background processes,
and for the signal benchmarks, are obtained from simula-

tion. A pass-to-fail ratio method, described in the following

paragraphs, is used to model the nonresonant background.
The pass-to-fail ratio method is based on the ratio of

]V[J-j—]\/le distributions between PARTICLENET Pass and Fail

regions: Rp /g (M;j, MjY). It is defined through the relation:

. . Y
nP,nr(l) = nF,nr(l)RP/F(ijv M_] ), (1)

where ngp) . (i) is the number of nonresonant events in bin

i of the ij—MjY distribution in the Fail (Pass) region. Since
the Fail region is dominated by nonresonant events, ng (i)
can be directly estimated from data by subtracting the rela-
tively small simulated yields of other processes. The Rp p is
a priori unknown and is determined during the fit of signal
and background distributions to the data. It is modeled as a
polynomial in M;; and MjY of order n and is defined as a lin-

ear combination of Mj? MfY terms where the exponents a and
b satisfy a + b < n. Simulation shows no strong dependence
of the PARTICLENET mistag rate in either of the two observ-
ables, whereas the mistag rate of anomaly tagging is observed
to rise with jet mass in the simulation. This makes PARTI-
CLENET tagging the preferred method for defining the Pass
and Fail regions for background estimation, ensuring that
polynomials with low n will be able to well describe Rp k. A
Fisher’s F-test [61] is used to determine the minimum poly-
nomial order necessary and sufficient for the model. Starting
from polynomials of order zero, the F-test is used to deter-
mine if the next higher order provides a significant improve-
ment in the fit quality. The Rp/p polynomial orders in the
CR and MR are discussed in Sect. 7.

Systematic uncertainties, described in Sect. 6, are included
in the statistical model by generating template histograms
representing one standard deviation variations from the nom-
inal simulation. These variations correspond to individual
sources of uncertainty. Each is assigned a nuisance parameter
in the likelihood function used for statistical interpretation,
using a unit Gaussian distribution for shape uncertainties,
and a log-normal distribution for normalization uncertain-
ties [62]. These distributions change the simulated template
shape according to the corresponding template uncertainty
histograms.

6 Systematic uncertainties

Several sources of systematic uncertainty are considered,
affecting both the shapes and yields of the signal and back-
ground templates. Data-to-simulation scale factors for the
PARTICLENET signal and H boson background efficiency are
calculated with the method discussed in Sect. 4. They have
approximately 10% uncertainty. For the tt background, the
mistag rate correction is directly determined during the fit

@ Springer
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Fig. 2 The Mj; (left) and MjY (right) projections showing the num-
ber of observed events per GeV (black markers) compared with
the backgrounds estimated in the fit to the data (filled histograms)
in the CR. Pass (upper) and Fail (lower) categories are shown.
The high level of agreement between the model and the data in
the Fail region arises because this region is used to constrain the
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using the Pass and Fail regions. The scale factors for signal
and tt anomaly tagging efficiency, also discussed in Sect. 4,
have uncertainties of about 15-30%. For the H boson back-
ground, a 20% uncertainty is assigned to the anomaly tagging
efficiency.

Initial- and final-state radiation uncertainties are evaluated
separately by varying the renormalization scale used in the
parton shower by factors of 0.5 and 2. Measured uncertainties
on jet energy scale and resolution are propagated to the jets
used in the analysis in order to evaluate their effects. Scale
and resolution uncertainties are considered uncorrelated.

The PDF uncertainties are evaluated as the square root of
differences of squared PDF Hessian eigenvector sets using
NNPDF3.1 PDF sets. The uncertainties coming from the
choice of renormalization and factorization scales are evalu-
ated by separately varying each of the scales while keeping
the other fixed to the nominal value, and also by scaling both
by factors of 0.5 and 2.0. The effect of these variations is
found to be negligible for signal acceptance and thus only
the tt and H boson backgrounds are affected.

A 1.6% uncertainty in the total integrated luminosity is
applied [63-65]. During the 2016-2017 data taking, a grad-
ual shift in the timing of the inputs of the ECAL hardware
level trigger in the region of || > 2 caused a specific trigger
inefficiency. Event-level weight corrections and their uncer-
tainties are included in the simulation to account for this. A
pileup correction is applied to simulated events based on the
true number of interactions in the event. The corresponding
uncertainty is generated by varying the inelastic pp cross
section at 13 TeV (69.2 mb) by 4.6% [54]. Finally, a 5% nor-
malization uncertainty is applied to the tt cross section.

The impact of each uncertainty source on the fitted sig-
nal strength parameter is estimated by varying the corre-
sponding nuisance parameter within its postfit uncertainty
and refitting the signal strength, using the My = 2200 GeV
and My = 250 GeV simulated signal sample as a represen-
tative test case. The uncertainties with the largest impacts,
ranging from 5% to 8%, are associated with the efficiency of
tagging anomalous jets, the efficiency of tagging H — bb
jets, parton showering, and the renormalization and factor-
ization scales. Other uncertainties, such as those related to
the jet energy scale and resolution, integrated luminosity, and
pileup, have smaller effects, altering the signal strength by
3% or less.

Overall, the sensitivity of the analysis is statistically lim-
ited, due to the limited amount of the observed data.

7 Results
Maximum likelihood fits are performed with the CMS statis-

tical analysis tool COMBINE [62] to estimate the background
and extract the fitted signal. The fits are performed sepa-
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Fig. 4 The expected (upper) and observed (lower) 95% confidence
level upper limits on o(p — X — HY)B(H — bb)B(Y - WW —
2q2q’) for different values of My and My . The limits have been eval-
uated in discrete steps corresponding to the centers of the boxes. The
numbers in the boxes are given in fb

rately in the CR and MR. The F-test favors an Rp g poly-
nomial order of n = 0(2) in the CR (MR) fit. Both fits
pass the goodness-of-fit test, performed using the saturated
model [66]. The p-value [67], indicating the level of agree-
ment with the background-only hypothesis and the observed
data, is found to be 0.59 (0.26) in the CR (MR) fit. The postfit
distributions from the CR and MR fits are shown in Figs. 2
and 3, respectively.

The joint likelihoods of the signal-plus-background M;;-

MjY distributions in the MR Pass and Fail regions are con-
structed for different signal hypotheses. The maximum like-
lihood fits are used to extract the observed signal strengths.
Out of the 42 X — H(bB)Y(WW) mass points consid-
ered, the My = 1600 GeV and My = 90 GeV combination
corresponds to the largest local significance of 2.1 standard
deviations.

The same likelihoods are used to compute upper limits on
the signal cross section with a modified frequentist approach,
using the CL criterion [68,69] with the profile likelihood
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ratio used as the test statistic, in an asymptotic approxima-
tion [70].

Figure 4 shows the expected and observed limits at 95%
confidence level (CL), assuming the Y — whtw™ decay
to an all-hadronic final state. These limits range from 0.3—
19.1fb. In the upper left corner of the figures, where My is
low and My is high, we begin to exit the Lorentz-boosted
regime. This results in the Y decay products being recon-
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limits expected under the background-only hypothesis. The solid dots
indicate the observed limits, which are only evaluated at the simulated
mass points

structed as separate jets, reducing the efficiency of the offline
selection and leading to higher upper limits.

Comparable searches have been performed by the ATLAS
Collaboration using both unsupervised [71,72] and weakly
supervised [73] anomaly detection techniques in two-body
and dijet final states. The search in Ref. [71] targets several
two-body final states, while Ref. [72] specifically focuses
on the X — H(bb)Y topology, where Y decays to a fully
hadronic state, using anomalous-jet tagging. These unsuper-

@ Springer
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vised searches explore broader ranges of both My and My
than the analysis presented here, whereas the weakly super-
vised search [73] focuses on higher My regions. Finally, a
targeted ATLAS search for X — HS, with H — yy and
S — bb [74], explores complementary lower-mass regions
with My < 1TeV. Overall, these analyses provide comple-
mentary sensitivity across different mass ranges and final-
state topologies. The presented results can be compared to
the CMS search for resonances decaying into two jets [19],
which reports expected model-independent limits on dijet
resonances in the 50-600 fb range for My values between
1.8 and 3.0 TeV, depending on the method and My. The
most sensitive method sets limits around 60 fb across this
My range. Reference [19] also provides limits on a pro-
cess that consists of a Kaluza—Klein excitation of a W boson
(Wxk) decaying into a radion and a W boson [75,76]. The
radion then decays into two W bosons, and all three W bosons
undergo hadronic decays. The comparison to our results is
motivated by the similarity in jet substructure: both analy-
ses involve a four-prong jet from the Y — wtw™ decay
and a two-prong jet originating from either H or W boson
decay, where “prong” refers to the number of hard subjets
within a large-radius jet. Although there are no directly over-
lapping mass points, we can compare the expected limits
for a Wiy boson mass of 3000 GeV and a radion mass of
170 GeV (22.1 fb) with our limits for My = 3000 GeV and
My = 200 GeV (0.4 1b). In all cases, our analysis sets more
stringent limits, as expected, mostly because we require one
of the jets to originate from H — bb. While this requirement
makes the results less general, it enables the use of PARTI-
CLENET tagging, which provides most of the sensitivity in
the analysis, with the autoencoder giving a modest additional
improvement. Figure 5 shows 95% CL upper limits on the
cross section for the three additional signal scenarios con-
sidered. Notably, the Y — tt scenario constitutes the first
search performed in the Lorentz-boosted regime for this pro-
cess. The differences in the limits among the scenarios arise
mainly from their distinct kinematic properties and the vary-
ing background levels in the corresponding regions of phase
space, both influenced by the different assumed Y masses.

Tabulated results of this analysis are available on HEP-
Data [77]. The HepData entry also includes the trained AE
weights used for the anomaly score evaluation.

8 Summary

A search for beyond the standard model physics through the
process where a resonant particle decays into a Higgs boson,
H, and an additional particle Y has been presented. The H
subsequently decays into a bottom quark—antiquark pair, bb,
reconstructed as a large-radius jet in the Lorentz-boosted
regime. The H candidate jets are tagged using the PARTI-
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CLENET algorithm that is designed to recognize jets originat-
ing from a decay of a massive particle into bb. The identifi-
cation of the second particle, Y, is performed by computing
the anomaly score of its candidate jet using an autoencoder,
allowing the simultaneous search for multiple Y decay modes
within a single analysis. This approach combines the targeted
identification of H decays with model-independent anomaly
detection technique, enabling a broad search for new physics.
By combining the strong discrimination power of the H boson
decay to bb with a model-independent anomaly detection for
the second particle, this analysis achieves enhanced sensitiv-
ity for scenarios involving a Higgs boson in the decay chain,
while maintaining applicability across a range of such mod-
els.

The analysis considers four benchmark models. The main
benchmark assumes Y — W+W_, with further hadronic
decays of the W bosons. It is simulated for My values within
1400-3000 GeV and My values within 90—400 GeV, cover-
ing 42 signal hypotheses. No significant excess above the
standard model background expectations is observed. Upper
limits on benchmark signal cross sections at 95% confidence
level are set on the main benchmark model in the 0.3-15.8 fb
range. Additionally, exclusion limits are calculated for three
alternative benchmark models, assuming Y — uu, Y — tt,
or Y — bqq decay modes, for which the most stringent
limits to date are achieved.
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