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Abstract A search is presented for massive narrow-width
resonances in the mass range of 1–4.5 TeV, decaying into
pairs of Higgs bosons (HH). The search uses proton–proton
collision data at a center-of-mass energy of 13 TeV collected
with the CMS detector at the CERN LHC during 2016–2018,
corresponding to an integrated luminosity of 138 fb−1. The
analysis targets final states where one Higgs boson decays
into a pair of bottom quarks and the other into a pair of
tau leptons, X → HH → bb̄ τ+τ−. It uses a single large
radius jet to reconstruct the H → bb̄ decay, while the H →
τ+τ− decay products can either be contained within a single
large radius jet or appear as two isolated tau leptons. The
observed data are consistent with standard model background
expectations. Upper limits at 95% confidence level are set on
the production cross section for resonant HHproduction for
masses between 1 and 4.5 TeV. This analysis sets the most
sensitive limits to date on X → HH → bb̄ τ+τ− decays in
the mass range of 1.4–4.5 TeV.

1 Introduction

The discovery of the Higgs boson (H) by the CMS [1,2]
and ATLAS [3,4] experiments confirmed the standard model
(SM) as a robust theoretical framework for describing high-
energy interactions. However, unresolved questions within
the SM, such as the hierarchy problem [5], have driven the
search for beyond-the-SM (BSM) physics.

The observation of the Hboson has opened new avenues
for probing BSM scenarios. In fact, many BSM theories
predict the existence of heavy resonances (X) with masses
exceeding 1 TeV that can decay into a pair of Higgs bosons
(HH). The production of Higgs boson pairs is a crucial,
but rare, process in the SM. If resonant HHproduction
occurs through BSM physics, it can significantly enhance
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the cross section. An example of a well-motivated theoreti-
cal framework predicting such enhancements is the warped
extra dimensions model proposed by Randall and Sundrum
(RS) [6,7], which leads to the existence of new neutral, spin-0
radions [8–10] and spin-2 Kaluza–Klein gravitons [11,12].
The analysis presented in this paper is designed to be model
independent, with a single strategy for both spin-0 and spin-2
resonances, each decaying into a pair of Higgs bosons in the
bb̄ τ+τ− final state. A representative diagram illustrating the
production of such a resonance is shown in Fig. 1.

This search targets resonance masses between 1 and
4.5 TeV using the CMS proton–proton (pp) collision data
sample collected at a center-of-mass energy of 13 TeV during
the years 2016–2018. A previous CMS search for heavy res-
onant HHproduction in the same final state [13] is based on a
smaller data set, using only the 2016 pp collision data, corre-
sponding to 35.9 fb−1. The observed data in that analysis are
consistent with SM expectations, and upper limits are set at
95% confidence level (CL) on the production cross section for
spin-0 and spin-2 resonance masses between 0.9 and 4.0 TeV.
The analysis performed by the ATLAS Collaboration in the
boosted topology is based on the ppdata collected in 2015–
2018 and covers resonance masses from 1 to 3 TeV [14]. No
significant excess is observed in that search either, and 95%
CL exclusion limits are set in the signal range of 1–3 TeV. A
separate ATLAS search on the same data set targets spin-0
resonances, decaying to HH, with masses from 251 GeVto
1.6 TeV [15]. While this ATLAS search primarily targets the
resolved topology, it covers the same signal mass range as
the present analysis, that is, between 1 and 1.6 TeV. The data
are also found to be compatible with the background-only
hypothesis, with the largest deviation at a mass of 1 TeV,
corresponding to local and global significances of 3.1 and
2.0 standard deviations, respectively.

This paper focuses on the fully hadronic (τhτh) and the
mixture of one leptonic and one hadronic decay (�τh) of the
τ+τ−pair in resonant Higgs boson pair production, where
one Hboson decays into bb̄ and the other into τ+τ−. The
individual hadronically-decaying tau leptons are denoted as
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Fig. 1 A representative diagram for the production of a spin-0 radion
or a spin-2 graviton X, which decays into two SM Higgs bosons. One
Higgs boson decays into a bb̄ pair and the other into a τ+τ−pair

τh, while � denotes an electron or muon. In addition to
X → HH → bb̄ τ+τ−, other resonant HHprocesses that
can contribute to the same final states are also included as
signal, namely X → HH → bb̄ WW → bb̄ �‡νqq and
X → HH → bb̄ VV → bb̄ �‡�‡νν. Here, �‡ denotes a
charged lepton of any flavor (e, μ, or τ ), qrepresents a quark,
and Vdenotes a massive SM vector boson (Wor Z), as used
throughout this paper. In the simulated signal samples of
H → τ+τ−, the τ leptons decay inclusively according to their
SM branching fractions, while for H → WW and H → ZZ
decays, we restrict the V decays to the final states listed above,
i.e., WW → �‡ν�‡ν, �‡νqq, and ZZ → �‡�‡νν. Therefore,
the corresponding SM branching fractions [16,17] of Wand
Zbosons to these final states are taken into account when
calculating the signal yields.

This analysis assumes a narrow resonance width, i.e.,
the natural width of the resonance (1 MeV) is significantly
smaller than the experimental resolution (around 10% of the
mass of the resonance). The two bottom quarks from the
Higgs boson decay are produced with a small angular sepa-
ration and often merge into a single jet after hadronization.
These jets are identified with a graph convolutional neu-
ral network called the ParticleNet jet tagger [18]. In this
Lorentz-boosted regime, the decay products of the τ lepton
pair, whether �τhor τhτh, tend to overlap spatially, making di-
τ reconstruction particularly challenging. The reconstruction
of such boosted τ leptons was first addressed in a similar CMS
search using 8 TeV pp collision data [19]. In this analysis,
we enhance the sensitivity of these methods by employing
a dedicated DeepTau [20] based tagger, optimized specif-
ically for the reconstruction of boosted τ leptons. The SM
processes with the largest contributions to the background
are tt+jets(top quark-antiquark pair production), W+jets, and
Z+jetsproduction, although the precise composition depends
on the specific channel under consideration.

The structure of this paper is as follows: Sect. 2 provides
an overview of the CMS detector, while Sect. 3 describes the

CMS data set and the simulation of physics processes. Sec-
tion 4 details the object and event reconstruction, followed by
Sect. 5, which outlines the event selection and categorization.
The methods used for background modeling are discussed in
Sect. 6, and systematic uncertainties are addressed in Sect.
7. Finally, the results are presented in Sect. 8, and the paper
is summarized in Sect. 9. Tabulated results for this analysis
are provided in HEPData [21].

2 The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6m internal diameter, providing a magnetic
field of 3.8T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic cal-
orimeter (ECAL), and a brass and scintillator hadron calor-
imeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity (η)
coverage provided by the barrel and endcap detectors. Muons
are detected in gas ionization chambers interleaved with the
layers of the steel flux-return yoke outside the solenoid. A
more detailed description of the CMS detector, together with
a definition of the coordinate system used and the relevant
kinematic variables, can be found in Refs. [22] and [23].

Events of interest are selected using a two-tiered trigger
system [24–26]. The first level, composed of custom hard-
ware processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100kHz
within a time interval of less than 4 μs. The second level,
known as the high-level trigger, consists of a farm of proces-
sors running a version of the full event reconstruction soft-
ware optimized for fast processing, and reduces the event rate
to a few kHz before data storage.

3 Data and simulated samples

This search utilizes data recorded by the CMS detector
from 2016 to 2018, corresponding to an integrated luminos-
ity of 138 fb−1. Events are selected using a set of triggers
that require either missing transverse momentum (pmiss

T ) or
missing hadronic transverse momentum (Hmiss

T ) to exceed
110 GeV, often in conjunction with additional criteria, such
as the presence of a jet with pT > 80 GeV. The primary ver-
tex (PV) [27] is defined as the vertex with the largest p2

T sum
of the physics objects originating from that vertex. Here, the
physics objects are the charged leptons, the AK4 jets, and
the pmiss

T . The missing transverse momentum vector pmiss
T is

defined as the negative vector sum of the momentum of all
reconstructed particle candidates associated with the PV, pro-
jected onto the plane perpendicular to the beam direction. The
missing transverse momentum pmiss

T is defined as the magni-
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tude of pmiss
T . The observable Hmiss

T is defined as the magni-
tude of the vectorial pTsum of all jets with pT > 30 GeV and
|η| < 3.0. The particle and jet reconstruction are described
in detail in Sect. 4.

Monte Carlo (MC) simulated samples of the main SM
backgrounds and of the signal processes are used to opti-
mize the event selection and to improve the background
estimation. Simulated events of tt̄+jets production and sin-
gle top quark processes (t-, s-, and tW-channels) are gen-
erated at next-to-leading order (NLO) in quantum chro-
modynamics (QCD) using the powhegv1 and v2 [28,
29] event generators. For the tt̄+jets process, the top
quark pTdistribution is reweighted to match next-to-next-to-
leading order (NNLO) theoretical computations [30]. Sam-
ples of Z+jetsand W+jetsare generated at leading order (LO)
using MadGraph5_amc@nlov2.6.5 [31] with the MLM
prescription [32] for matching jets from the matrix element
calculation to the parton shower. Dedicated electroweak [33–
38] and QCD (calculated with MadGraph5_amc@nlo)
NLO/LO k-factors, parameterized as functions of the gen-
erated boson pT, are applied to Z+jetsand W+jetsevents.
The QCD multijet events are simulated at LO either using
the pythia [39] or MadGraph5_amc@nloevent genera-
tors, with MLM matching [40] for the latter. Other processes
with smaller contributions, such as diboson production, are
generated at NLO using either MadGraph5_amc@nlowith
FxFx [41] matching or powhegv2. All background samples
are normalized using the most precise cross section evalu-
ations available, which generally are calculated at NLO or
NNLO.

Signal samples of narrow-width �X = 1 MeV spin-0 and
spin-2 resonances, produced via gluon fusion and decaying
to HH, are simulated at LO using MadGraph5_amc@nlo.
The spin-0 (spin-2) signal is modeled as a radion-like
scalar (graviton-like) resonance, with spin correlations han-
dled through the corresponding matrix elements. Resonance
masses range from 1 to 4.5 TeV. For spin-0 resonances, mass
points are spaced by 200 GeVbetween 1 and 2 TeV, and by
500 GeVabove 2 TeV. For spin-2 resonances, the spacing is
250 GeVbetween 1 and 2 TeV, and 500 GeVabove 2 TeV.

The initial-state partons are modeled with the NNPDF 3.1
NNLO [42] parton distribution function (PDF) set. Parton
showering and hadronization are handled by pythiav8.230
[39] using the CP5 tune [43] for most samples. All signal and
background samples are processed usingGeant4 [44] to pro-
vide a full simulation of the CMS detector, including simu-
lation of the triggers. The effects of additional ppinteractions
in the same or adjacent bunch crossings, referred to as pileup,
are included in all simulated samples. To match the simulated
distribution of pileup interactions with the one observed in
data, a reweighting procedure is implemented. Correction
factors are derived and applied to the simulated samples to
match the trigger efficiencies measured in data. Additional

corrections are applied to cover residual differences between
data and simulation that arise from the lepton identification
and reconstruction efficiencies, as well as from identification
efficiencies for jets identified to originate from bquarks.

4 Event reconstruction

A particle-flow (PF) algorithm [45] reconstructs and identi-
fies each individual particle through an optimized combina-
tion of information from the various elements of the CMS
detector. The energy of each electron is determined from a
combination of the electron momentum as measured by the
tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially com-
patible with originating from the electron track. The ener-
gies of muons are obtained from the curvature of the corre-
sponding track. The energies of charged hadrons are deter-
mined from a combination of their momenta measured in the
tracker and the matching ECAL and HCAL energy deposits,
corrected for zero-suppression effects and for the response
function of the calorimeters to hadronic showers. Finally,
the energies of neutral hadrons are obtained from the corre-
sponding corrected ECAL and HCAL energies.

The identified particles are clustered into jets using the
anti-kTalgorithm [46], implemented in the FastJet pack-
age [47]. Two distance parameters are used in the analysis,
0.4 and 0.8, yielding jet collections referred to as AK4 and
AK8 jets, respectively. The PF candidates and AK4 jets are
used in the definitions of pmiss

T and Hmiss
T . The AK4 jets are

used primarily to reject or select events with top quarks, while
the larger AK8 jets are used to identify and contain hadroni-
cally decaying Hboson candidates.

Additional selection criteria are applied to each event to
remove spurious jet-like features originating from isolated
noise patterns in certain HCAL regions [48]. The AK4 and
AK8 jets must have pT > 20 GeV and pT > 200 GeV,
respectively and |η| < 2.4, to be considered in the subse-
quent steps of the analysis.

To improve the stability of the jet mass and substructure
variables in events with high pileup, the pileup-per-particle
identification (PUPPI) algorithm [49] is applied to the AK8
jets used to identify hadronic boson decays. The PUPPI algo-
rithm uses the local distribution of particles, event pileup
properties, and tracking information to compute a weight
describing the likelihood for each particle to originate from
a pileup interaction. The weight is used to rescale the particle
four-momentum, superseding the need for further jet-based
pileup corrections.

Large AK8 jets originating from the dominant bb̄ decays
of Hbosons are likely to have two displaced vertices because
of the long lifetime and large mass of the bquarks. A graph
convolutional neural network, ParticleNet [18], is used
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to distinguish Hboson decays into bb̄ from background jets
by leveraging the properties of jet PF constituents as input
features. As with all heavy-flavor jet classifiers, displaced
tracks and secondary vertices are among the most important
features. The multiclass ParticleNet algorithm provides
several output scores, each ranging from 0 to 1, represent-
ing the probability that a jet originates from a specific pro-
cess, such as Hboson decay to bquarks (P(H → bb̄)), or a
light-flavor quark or gluon (P(QCD)). Following the stan-
dard approach for constructing a binary discriminant to dis-
tinguish Hboson jets from the dominant QCD multijet back-
ground [50], the ParticleNet score is defined as P(H →
bb̄)/(P(H → bb̄) + P(QCD)). In addition to classification,
ParticleNetperforms a regression task to estimate the mass
of the AK8 jet, referred to in this work as the ParticleNet

regressed mass MH(bb). In this analysis, we define a signal-
enriched region (SR), defined as 100 < MH(bb) < 150 GeV,
and a second region, called the sideband (SB), defined as
MH(bb) < 100 GeV or MH(bb) > 150 GeV, enriched in back-
ground processes.

The AK4 jets originating from bquarks are identified using
the DeepJet algorithm [51], a deep neural network that com-
bines secondary vertex information, track-based variables,
and PF jet constituents (neutral and charged-particle candi-
dates). Events are vetoed if they contain at least one b-tagged
AK4 jet that does not overlap with the selected AK8 jet or
the leptons in the event, to further suppress the t̄ background.

A series of dedicated algorithms are used to reconstruct
and identify Hbosons decaying to τ+τ−pairs with either
τhτhor �τhsignatures. These procedures are described in the
rest of this section.

Highly collimated τhτhor �τhpairs are quite challenging
to reconstruct and require the use of a special boosted recon-
struction algorithm [52]. The procedure begins by using the
Cambridge–Aachen algorithm [53] with a distance parameter
of 0.8 to identify jets with a large cone size, called CA8 jets.
For each CA8 jet with pT > 100 GeV, the last step of the clus-
tering is retracted, resulting in two subjets. If these subjets are
found to have pT > 10 GeV and satisfy the mass drop con-
dition, which requires max(msubjet 1,msubjet 2)/mCA8 jet <

2/3, the two subjets are used as inputs to the standard τ
lepton reconstruction, the “hadron-plus-strips” (HPS) algo-
rithm [54], to build the τhcandidates. Here, msubjet 1and
msubjet 2are the masses of the two subjets, and mCA8 jetis the
mass of the original CA8 jet. If the pTand mass drop condi-
tions are not met, the unclustering and identification proce-
dures are repeated iteratively for the most energetic subjet.
We will refer to τ leptons reconstructed in this fashion as
boosted τh.

The boosted reconstruction algorithm is not well suited for
Hbosons with lower Lorentz boost, as is typical of lower res-
onance mass signal hypotheses around 1 to 1.5 TeV. To cover
this topology, we instead reconstruct single τhcandidates

using AK4 jets as inputs to the same HPS algorithm. These
are referred to as standard τh.

The final selection of τhcandidates, whether boosted or
standard, requires |η| < 2.5 and pT > 20 GeV, along with
a convolutional neural network based tagger score above a
specified threshold corresponding to per-τhsignal efficiency
greater than 95%. The identification of boosted τhcandidates
was developed specifically for this analysis and is based
on the DeepTau architecture originally designed for stan-
dard τ leptons. This tagger, referred to as BoostedDeep-

Tau throughout the article, is trained to distinguish genuine
boosted τ leptons from background jets by leveraging both
high-level features derived from the boosted τ reconstruc-
tion and low-level detector information. Among its important
inputs are a global event-level variable related to the average
energy deposition in the event and 42 high-level variables that
capture the kinematic properties, isolation, and finite lifetime
signature of boosted τ leptons. Many of these variables have
also proven effective in previously developed τ identifica-
tion algorithms, such as a discriminator based on a boosted
decision tree (MVA Iso) [52].

The training of the BoostedDeepTau algorithm is per-
formed using simulated samples. Genuine boosted τ leptons
are taken from simulated spin-0 signal samples, while the
dominant backgrounds—QCD multijet, tt̄, and Drell–Yan
processes—are included to ensure comprehensive coverage
of the relevant phase space. The training samples include
various mass points and are shuffled to balance the boosted τ
lepton population across pT, η, and other relevant variables.
The resultant BoostedDeepTau tagger shows a discrimina-
tion power that is a factor 2–4 better than MVA Iso evaluated
on boosted τ leptons for pT < 100 GeV and more than a
factor of 10 better for pT > 100 GeV. Additional informa-
tion about the BoostedDeepTau algorithm can be found in
Ref. [55].

Electrons from leptonic tau decays are reconstructed in
the region |η| < 2.5 by matching energy deposits in the
ECAL with tracks reconstructed in the tracker [56]. Electron
identification is based on the distribution of energy deposited
along the electron trajectory, and the direction and momen-
tum of the track in the inner tracker. Additional requirements
are applied to remove electrons produced through photon
conversions. Electrons are also required to be isolated from
other particles in the detector, by imposing an upper thresh-
old on the relative isolation parameter. The electron isola-
tion parameter is defined as the magnitude of the pTsum
of all the PF candidates (excluding the electron) within
�R < 0.3 around the electron direction, after the contribu-
tions from pileup and particles associated with reconstructed
τhcandidates within the isolation cone have been removed.
The resulting sum is then divided by the electron pT, yielding
a corrected relative isolation variable I e

rel, which is required
to satisfy I e

rel < 0.112 + 0.506/pT in the ECAL barrel
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(|η| < 1.479) and I e
rel < 0.108 + 0.963/pT in the ECAL

endcaps (1.479 < |η| < 2.5), with pTin GeV.
Muons from leptonic tau decays are reconstructed within

the acceptance of the CMS muon system, |η| < 2.4, using
information from both the muon spectrometer and the sil-
icon tracker [57]. Muon candidates are identified based on
the compatibility of tracks reconstructed in the silicon tracker
with tracks reconstructed from a combination of hits in both
the tracker and the muon detector. In addition, the trajectory
is required to be compatible with originating from the pri-
mary vertex, and to have a sufficient number of hits in the
tracker and muon systems. Muons are required to be iso-
lated by applying a relative isolation criterion. Specifically,
the scalar sum of the pTof all PF candidates within a cone of
�R < 0.4 around the muon direction—excluding the muon
itself—is computed. Contributions from particles associated
with reconstructed τhcandidates within the isolation cone are
subtracted. The resulting sum is then divided by the muon pT,
yielding a corrected relative isolation variable Iμ

rel, which is
required to satisfy Iμ

rel < 0.25. This procedure is very similar
to that followed for the electrons.

The standard (boosted) τhcandidates are either combined
with another standard (boosted) τhcandidate or with a lep-
tonic τ decay identified as an electron or a muon, to form
τ+τ−pairs. Both standard τhand boosted τhcandidates are
required to be distinct from the selected AK8 jet in the event.

5 Event selection

As mentioned earlier in Sect. 3, events are selected using a
suite of pmiss

T and Hmiss
T triggers. For the heavy parent reso-

nance masses considered in this analysis, the H bosons are
produced with large Lorentz boosts. As a result, the neutrinos
from the τ+τ−decay carry substantial momentum, and signal
events are therefore expected to exhibit large pmiss

T , ensuring
high efficiency of the pmiss

T and Hmiss
T triggers. A stringent

offline requirement of pmiss
T > 180 GeV is applied after the

full event reconstruction, to ensure a stable trigger efficiency
and to suppress the background contribution from multijet
events. The efficiency of the trigger for events satisfying the
offline event selection, measured in an independent sample
of events selected with muon triggers, is found to be greater
than 95%, with an uncertainty of 1.1%.

All events are required to contain one Hboson candidate
decaying to either �τh or τhτh. If multiple candidate pairs are
possible, the pair with the highest visible pTis selected. The
other Hboson candidate decaying to bb̄ is reconstructed as an
AK8 jet that does not overlap with the τ+τ−system. The same
AK8 jet kinematic selection and identification requirements
are applied in both channels. If multiple AK8 jet candidates
are present, the jet with the highest pTis selected. The H →
bb̄ candidate jet is also required to satisfy the ParticleNet

bb̄ tagging requirement corresponding to a working point
with 80% efficiency for selecting signal jets from H → bb̄
decays. This criterion significantly suppresses background
from QCD multijet events and jets produced in association
with vector bosons. Events with top quark pairs or single top
quarks are suppressed by vetoing events with b-tagged AK4
jets that do not overlap with the AK8 H → bb̄ candidate and
are distinct from the identified H → τ+τ− objects.

Additional selection criteria are applied to suppress SM
contributions, including those from meson and baryon reso-
nances, W+jets, tt̄, and single top quark production. To reduce
contamination from misidentified τ leptons in W+jetsevents,
the angular separation �Rτ+τ− between the two τ candidates
is required to be less than 1.5. Additionally, we require the
difference in the azimuthal angle between the AK8 jet, iden-
tified as the Hboson through the H → bb̄ decay, and pmiss

T to
be greater than 1. This requirement ensures that the Higgs
boson candidate and the missing transverse momentum are
well separated in the transverse plane, typically appearing
on opposite sides of the event, as expected in signal-like
topologies. To reduce contributions from low-pTradiation,
the soft-drop (SD) [58] jet mass of the H → bb̄ candidate jet
is required to be greater than 30 GeV. Furthermore, the visible
mass of the Hboson decaying into τ+τ−must be greater than
20 GeVto suppress low-mass and quarkonium backgrounds.

An algorithm called FastMTT [59], based on a dynam-
ical likelihood approach, is used to reconstruct the four
momentum of the di-τ system, including the missing infor-
mation from neutrinos. This method incorporates the mea-
sured momentum of the visible τ decay products, the recon-
structed pmiss

T , and its resolution to enhance the reconstruc-
tion accuracy. To speed up the computation, the algorithm
applies the collinear approximation [60], which assumes that
the neutrinos from τ decays are collinear with the visible
decay products. The H → bb̄ candidate four-momentum is
formed using kinematic variables obtained from the standard
AK8 jet reconstruction algorithm, to which energy and reso-
lution corrections are applied to match the response in data.

The reconstructed resonance candidate mass MX, defined
as the invariant mass of the tagged H → bb̄ candidate jet
and the FastMTT reconstructed di-τ system, is required to
be larger than 750 GeVto ensure full trigger and reconstruc-
tion efficiencies. All selections, except for the ParticleNet
bb̄-tagging and the AK4 b-tagged event veto, are collectively
referred to as the “pre-selection” in this analysis. The distri-
butions of important kinematic variables for the full event
selection are shown in Figs. 2 and 3.

The full event selection efficiency, including the trigger
selections, for spin-0 (spin-2) resonances ranges from 2%
(2.7%) to 13.5% (14.4%) in the τhτh channel and from 4%
(5.4%) to 11% (11.8%) in the �τh channel, depending on the
mass of the resonance. Additionally, events from the HH →
bb̄ VV processes contribute approximately 20% of the total

123



901 Page 6 of 28 Eur. Phys. J. C (2026) 86:901

Fig. 2 Distribution of the invariant mass of the di-τ system, recon-
structed with the FastMTT algorithm, after the full event selection in
the τhτh(upper) and �τh(lower) channels. The data (solid circles) are
compared to the background simulation (filled histograms), where the
gray bands represent the total background uncertainty, obtained from the
post-fit values of the dominant systematic uncertainties and the statisti-
cal uncertainties in the simulated samples. The X → HH signal simula-
tion (solid red line) is overlaid and normalized to σ(X → HH) = 0.1 pb
for illustration. The ratio between the data and the total expected back-
ground contribution is shown in the lower panel, where a solid black
triangle indicates those bins where the ratio exceeds the axis range

yield of the HH → bb̄ τ+τ− signal. Around 90% of the
selected HH → bb̄VV events originate from genuine �τh or
τhτh final states.

To extract a potential resonant HHsignal, a maximum like-
lihood fit is performed using the MX distributions in data in
the �τhand τhτhchannels. These fits are performed using the
CMS statistical analysis tool Combine [61], which is based
on the RooFit [62] and RooStats [63] frameworks. Accu-
rate modeling of the major backgrounds is essential for the
signal extraction. The strategy for estimating this is described
in the following section.

Fig. 3 Distribution of MH(bb)obtained from the leading AK8 jet
in the event after the full event selection for the τhτh(upper) and
�τh(lower) channels. The signal-enriched region (SR) is defined as
100 < MH(bb) < 150 GeV. The sideband (SB) is immediately adja-
cent to the SR, on either side. The data (solid circles) are compared to
the background simulation (filled histograms), where the gray bands
represent the total background uncertainty, obtained from the post-fit
values of the dominant systematic uncertainties and the statistical uncer-
tainties in the simulated samples. The X → HH signal simulation (solid
red line) is overlaid and normalized to σ(X → HH) = 0.1 pb for illus-
tration. The ratio between the data and the total expected background
contribution is shown in the lower panel, where a solid black triangle
indicates those bins where the ratio exceeds the axis range

6 Background estimation

After the event pre-selection, the leading SM background
contributions in the different regions are from tt̄, Z+jets,
and W+jetsproduction. Following the full event selection,
the tt̄ process becomes the dominant background, as shown
in Figs. 2 and 3. The QCD multijet contribution is negli-
gible owing to the lepton requirement in the �τhchannel,
and the combined effect of theBoostedDeepTau/DeepTau
and the ParticleNet-based AK8 H → bb̄ selections in the
τhτhchannel.
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The SR and SB regions are defined using the reconstructed
MH(bb)distribution, as shown in Fig. 3. The MH(bb)distribution
is used only to categorize events into regions, whereas the
final discriminant used in the fit is the MX distribution. We
use the data in the SB to constrain the normalization and the
MX shape of the top quark background in the SR, where the
top quark background in both the SR and the SB combines
the contributions from tt̄ and single top quark production.
This is achieved by introducing unconstrained, bin-by-bin
multiplicative parameters for each bin of the MX distribu-
tion. These parameters simultaneously adjust the yield of the
top quark background per MX bin in both the SR and SB for
the corresponding channel during the fit.

7 Systematic uncertainties

Various sources of systematic uncertainties are taken into
account, in most cases affecting both the signal and the back-
ground. We distinguish between two types of systematic
uncertainties: those that affect only the overall normaliza-
tion of a process and those that also impact the shape of the
reconstructed resonance mass spectrum, which serves as the
primary fit observable in the analysis (Table 1).

The following sources of uncertainty are taken into
account using constrained nuisance parameters in the fit for
all processes. These parameters are used to encode the impact
of systematic uncertainties on the expected signal and back-
ground yields and shapes. Unless specified otherwise, these
are considered correlated across the data taking years. An
exception is made for the top quark background. The con-
strained nuisance parameters included for the top quark back-
ground account only for the statistical uncertainties. System-
atic uncertainties that impact the top quark background are
included in the simultaneous fit to data in the SR and SB
through unconstrained bin-by-bin multiplicative parameters,
as described in Sect. 6. The resulting post-fit uncertainties in
these parameters reflect the fit uncertainty in the top quark
background prediction.

– Integrated luminosity: The integrated luminosities for the
2016, 2017, and 2018 data-taking years have 1.2–2.5%
individual uncertainties [64,65], while the overall uncer-
tainty for the 2016–2018 period is 1.6%.

– pmiss
T trigger: A normalization uncertainty of 1.1% is

assigned to all processes, based on the level of agree-
ment observed between data and simulation.

– Lepton identification and isolation: A normalization
uncertainty is assigned to account for the residual dif-
ferences between data and simulation in the lepton iden-
tification and isolation efficiencies after applying all cor-
rections. In the �τh channel, a 0.4% uncertainty is applied
for both electron identification and isolation, and 1%

(0.1%) for muon identification (isolation), affecting all
processes.

– ParticleNet AK8 bb̄-tagging: A 5% normalization
uncertainty is applied to signal AK8 jets to account for
the residual data-to-simulation mismodeling of btagging.
This uncertainty reflects the relatively uniform effect of
the btagging uncertainty across the pTspectrum of the
AK8 jets.

The following sources of uncertainty affect the shape of
the distributions, as well as the normalization of the various
backgrounds and the signal, and are applied to all search
channels.

– PDF uncertainties: Uncertainties from the PDFs are esti-
mated by reweighting the samples with the NNPDF3.0
[66] replicas [67] for the 2016 data set and NNPDF3.1 [42]
for the 2017 and 2018 data sets. The variations across the
replicas are used to construct an envelope that captures
the spread in predictions, which is then taken as the sys-
tematic uncertainty.

– Factorization and renormalization scales: Variations in
the renormalization and factorization scales by factors
of 0.5 and 2.0 are considered independently with the
exception of simultaneously varying both. Their impact
is calculated from the envelope of these variations and
included as systematic uncertainties for all processes.

– Pileup modeling. Systematic uncertainties from pileup
modeling are taken into account by varying the total
inelastic cross section used to calculate pileup distribu-
tions in simulation by ±4.6% [68].

– Jet energy scale and resolution: Reconstructed jet four-
momenta in the simulation are varied according to the
uncertainties in the jet energy scale, which are split
into 11 different sources. Additionally, the pTof the
jets is stochastically changed within the detector resolu-
tion. These uncertainties are coherently propagated to all
observables, including pmiss

T [69]. Some of the 11 sources
are uncorrelated across the data taking years. The aver-
age effect from these sources of uncertainty ranges from
2 to 5%.

– pmiss
T mismodeling: An additional source of uncertainty

specific to pmiss
T arises from unclustered energy, primarily

due to calorimeter deposits not associated with any recon-
structed object. This unclustered energy is varied within
its uncertainties, and the resulting impact is propagated
to the pmiss

T .
– b tagging: The btagging and light-flavor misidentifica-

tion efficiency scale factors, along with their associated
uncertainties, are measured using independent control
samples [70]. The uncertainties in these scale factors are
then propagated to the analysis. Some sources of these
uncertainties are uncorrelated across data taking years.
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Table 1 Summary of the
dominant systematic uncertainty
sources and the typical size of
their inferred variation in the
resonance yield. Unless
otherwise specified, the impact
is the same for the τhτhand
�τhchannels. Sources with an
overall impact of less than 1%
on the resonance yield, such as
electron or muon reconstruction
and identification, are not listed
in the table

Systematic source Variation

Boosted τhlepton identification 20% for τhτh, 10% for �τh

τhenergy scale 10%

Renormalization and factorization scales 5–10%

PDF uncertainties 5–7%

ParticleNet AK8 bb̄ tagging 5% (signal jets)

Jet energy scale and resolution 2–5%

Pileup modelling 1–5%

Electroweak and QCD k-factors for V+jets 1–5%

Integrated luminosity 1.6%

pmiss
T trigger 1.1%

– Simulation sample size: Uncertainties due to the limited
size of the simulated signal and background samples are
included by allowing each bin of the distributions used in
the signal extraction to fluctuate independently according
to the statistical uncertainties in simulation [71].

– Uncertainty related to ECAL mistiming: Partial mistim-
ing of signals in the forward regions of the ECAL endcaps
led to a minor reduction in trigger efficiency. Simulations
are corrected to emulate the behavior of the data, and the
uncertainty in these corrections is propagated to the dis-
tributions used in the signal extraction.

– Electroweak and QCD k-factors: Uncertainties in the
NLO/LO k-factors [33–38] calculated for W+jetsand
Z+jetsprocesses are considered. These uncertainties
account for missing higher-order corrections. For QCD,
this comes from variations of the factorization and renor-
malization scales. For electroweak processes, an estimate
of the size of the missing higher-order corrections is
obtained by taking the difference between applying and
not applying the NLO/LO electroweak k factors.

– Hadronically decaying τ lepton identification: Uncer-
tainties in the DeepTau efficiency corrections, for the
discrimination of genuine τhagainst jet, electron, and
muon are correlated across τ decay modes and years
for the standard τ leptons. Correction factors are derived
to account for differences between data and simula-
tion in the identification of boosted τ leptons from the
BoostedDeepTau algorithm. These were derived using
boosted Zboson decays, utilizing events with a spatially
close muon–τ pair. A simultaneous fit is then performed
in the μτh SR and a dimuon control region, with the
latter constraining the normalization of the Drell–Yan
process. The data-to-simulation factors were found to be
0.90 per identified boosted τ lepton, with an associated
uncertainty of 10%. This corresponds to a normalization
uncertainty of 20% in the τhτhchannel and 10% in the
�τhchannel [55].

– Hadronically decaying τ lepton energy scale: For the
τhenergy scale contribution to the systematic uncertainty,
the four-momenta of reconstructed and identified τh,
including both standard and boosted τhobjects, are varied
by ±3% [52]. The resulting variations are propagated to
all kinematic observables used in the analysis. For minor
backgrounds, this effect is accounted for by a 10% nor-
malization uncertainty, while for the signal a dedicated
shape systematic is assigned.

8 Results

The analysis follows a blinded strategy, with all aspects of the
event selection, background estimation, and statistical fitting
procedure defined prior to unblinding data in the SR. The
post-fit distributions in MX are shown in Fig. 4 for the SR
and SB. In the lower mass region, where the expected back-
ground yield is higher, we use a binning comparable to the
expected signal width. For resonance masses above 2 TeV,
the background event counts become sparse. We therefore
merge adjacent bins to avoid empty bins. The content of the
final bin also includes events in the overflow region. The data
are found to be in agreement with the SM background predic-
tions within the uncertainties. We place upper limits on the
production cross section for a heavy resonance Xdecaying to
a pair of Higgs bosons.

The 95% CLupper limits on the X → HH produc-
tion for spin-0 and spin-2 resonances in the mass range
from 1 to 4.5 TeV, computed using the modified frequentist
CLs method with a profile likelihood ratio test statistic, are
shown in Fig. 5. The distributions of the test statistic under
the signal-plus-background and background-only hypothe-
ses are obtained from ensembles of pseudo-experiments.
The results are scaled by the SM branching fractions of the
Hbosons and the subsequent decays included in this analysis.
The observed (expected) upper limits reach down to 62.2 fb
(76.2 fb) for spin-0 and 42.5 fb (51.8 fb) for spin-2 at 1 TeV.
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Fig. 4 Post-fit reconstructed mass distribution of resonance Xin the SR
(upper) and SB (lower) after applying all selection criteria, for the sum of
the τhτhand �τhchannels. Minor background contributions are grouped
into a single category labeled “Other”. Also shown are several signal
predictions in dashed colored lines for visualization only. The lower
panels show the “Pull” defined as (Data - Prediction)/Total uncertainty

At 4.5 TeV, the observed (expected) upper limits are 3.8 fb
(2 fb) for spin-0 and 3.2 fb (1.7 fb) for spin-2. The results for
spin-2 are broadly similar to those for spin-0. However, the
pmiss

T spectrum for spin-2 signals is shifted toward higher val-

Fig. 5 Expected and observed upper limits at 95% CL on the produc-
tion cross section of resonant HHproduction for a spin-0 (upper) and
spin-2 (lower) narrow resonance. This calculation assumes SM branch-
ing fractions of the Hboson as discussed in Section 1. The observed
limits are higher than the expected limits for mass points above 2.5
TeV, primarily because of the excess of events visible in the highest bin
of Fig. 4 (upper)

ues, which slightly increases the signal efficiency. This effect
is visible in the superimposed signal templates for spin-0
and spin-2 in Fig. 4 and is reflected in the slightly stronger
expected limits for the spin-2 scenario. The observed limits
are higher than the expected limits for mass points above 2.5
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TeV, primarily because of the excess of events visible in the
highest bin of Fig. 4 (upper).

This analysis improves upon the spin-0 resolved ATLAS
search [15] for resonance masses above 1.4 TeV. Further-
more, it is significantly better than the spin-0 search from
ATLAS in the Lorentz-boosted regime [14], covering the 1–
3 TeV mass range, across the entire mass range considered
in that analysis. The results presented in this paper represent
the most sensitive upper limits to date in the resonance mass
range of 1.4–4.5 TeV in the bb̄ τ+τ− final state.

9 Summary

A search has been presented for heavy resonant Higgs boson
pair (HH) production in the bb̄ τ+τ− final state, exploring
resonance masses between 1 and 4.5 TeV. The analysis is
based on pp collision data collected with the CMS detector
during 2016–2018, corresponding to an integrated luminos-
ity of 138 fb−1at a center-of-mass energy of 13 TeV. In this
mass regime, the Hbosons produced are boosted sufficiently
to result in collimated decay products. The reconstruction
and identification of such boosted objects are enhanced using
advanced machine learning techniques, including a graph
convolutional neural network for merged bb̄ jets and a con-
volutional neural network for boosted τ+τ−identification.

No significant deviation from the standard model back-
ground expectation is observed, and 95% confidence level
upper limits are set on the production cross section of a
heavy resonance decaying to HH, evaluated independently
for both spin-0 and spin-2 hypotheses. This analysis sets the
most sensitive upper bounds to date on the production of
X → HH → bb̄ τ+τ− in the mass range of 1.4–4.5 TeV.
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