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Abstract

A search for standard model (SM) nonresonant Higgs boson pair (HH) production is
performed in the two bottom quark (bb) and all-hadronic two vector boson (VV —
4q) final states. The search is carried out in proton-proton collisions at 13 TeV with
a dataset corresponding to a total luminosity of 138fb™'. The analysis focuses on
highly Lorentz-boosted HH candidates, where each Higgs boson’s daughter quarks
are all merged inside a single large radius jet. A new global particle transformer
(GloParT) classifier is used to effectively perform boosted VV — 4q jet identification.
The multiplicative modifier of the SM quartic coupling between two Higgs bosons
and two vector bosons is observed (expected) to be constrained at 95% confidence
level to xyy € [—0.04,2.05] ([0.05,1.98]).
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1 Introduction

Since discovering the Higgs boson (H), a significant component of the CMS and ATLAS exper-
iments” physics programs consists of precisely characterizing the new particle. This includes
measuring properties such as its mass [1-3], width [4, 5], off-shell production [4, 5], and cou-
plings to other standard model (SM) particles [6-8]. The measurement of the quartic HHVV
coupling is particularly challenging, but one in which CMS has been making progress, largely
through searches for highly Lorentz-boosted Higgs boson pair (HH) production.

HH production in the SM occurs dominantly through gluon fusion (ggF), with a small pro-
duction cross section vg,p = 31.05722% £ 3%(PDF + ag) ", (m,) fb [9, 10] at a center of mass
energy of 13TeV and my = 125GeV, and subdominantly through vector boson fusion (VBF),
with a smaller production cross section oygr = 1.726J_r8:8222 +2.1%(PDF + ag) fb [11]. At lead-
ing order, the ggF production mode has contributions from diagrams that involve the trilinear
HHH Higgs self-coupling and the emission of two Higgs bosons through a top quark loop,
while the VBF production mode has contributions from three diagrams involving the trilin-
ear HHH, HVV, and quartic HHVV couplings (Fig. 1). It also features the distinct final state
signature of two, typically forward, jets in addition to the two Higgs bosons.

The production cross section and kinematic properties of the HH system are altered if values
of the Higgs self-coupling, the top Yukawa coupling, and/or the quartic HHVV coupling are
modified due to beyond the SM (BSM) effects. Notably, at the energy scale of the LHC, the
leading contribution to the VBF production amplitude is the scattering of longitudinal vector
bosons, which scales as ~ m?(ky — k%) [12], where, using an effective field theory (EFT)
approach, «,, x,y, and xy are defined to be multiplicative modifiers of the HHH, HHVV, and
HVYV couplings from their SM values, respectively.

In the SM, with x,y = xy = 1, VBF production is suppressed since the left-most (HVV)? and
right-most HHV'V VBF diagrams in Fig. 1 cancel; however, BSM deviations to HHV'V can spoil
the cancelation, significantly enhancing this mode. This departure from the SM could be more

Figure 1: Leading-order diagrams for nonresonant Higgs boson pair production via gluon-
gluon fusion (top) and vector boson fusion (bottom). In this note, we refer to the left-most VBF
diagram as the (HVV)? and the right-most as the HHVV diagram.
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Figure 2: Differential cross section at 13 TeV center of mass for VBF HH production as a function
of the invariant mass of the HH system (myyy) for different diagrams and couplings.

visible at high energies. This is illustrated in Fig. 2, which shows the increase and shift towards
higher my;y of the differential VBF HH production cross section for enhanced and reduced x,y
values. Thus, measuring high-myy nonresonant VBF HH production, with both Higgs bosons
highly Lorentz-boosted, is a powerful probe of the HHVV coupling.

This is evidenced by the current x,y constraint in CMS being dominated by the search for

boosted HH in the bbbb channel, with an observed (expected) 95% confidence level (CL) con-
straint of [0.6,1.4] ([0.7,1.4]), excluding x,y = 0 for the first time [13]. This is followed by

CMS searches in the resolved bbbb [14] and bb Tt [15] channels, with constraints of [—0.1,2.2]
([—0.4,2.5]) and [—0.4,2.6] ([—0.6,2.8]), respectively. Similarly, the strongest x,y constraint from

the ATLAS experiment is from the boosted bbbb search [16], with an observed (expected) 95%
CL constraint of [0.55,1.49] ([0.3,1.7]).

The success of searches in the boosted bbbb channel motivates further exploration of high-
myy HH production. This analysis presents the first search in the all-hadronic bbVV channel,

where one Higgs boson decays to bb while the other to WW or ZZ, where W — qq and
Z — qq. The branching fractions for the bb and all-hadronic VV decays are 0.58 and 0.11
respectively, for a total branching fraction B(HH — bbVV — bb4q) = 2-0.58 - 0.11 = 0.13,
which is the second largest behind bbbb. The analysis primarily aims to constrain «,y and also
sets an exclusion limit on the inclusive HH production cross-section. It is not expected to be
sensitive to x, because of the focus on the high-m;; regime.

Another benefit of the high-myy; regime is the significantly reduced quantum chromodynam-
ics (QCD) multijet background, which otherwise makes such all-hadronic searches extremely
challenging. Because of the two Higgs bosons” high Lorentz-boosts, this regime also features
the unique experimental signature of the bb and VV — 4q decays each being reconstructed
as single wide-radius jets. Such merged H — bb jets have been identified to great effect in
CMS using deep neural networks (DNNs) [13, 17], but attaining similar signal versus back-
ground discrimination for H — V'V jets remains an open challenge. To this end, we introduce
anew attention-based DNN, referred to as the global particle transformer (GloParT) to not only
enable this search but open new possibilities for searches in boosted-VV channels as well.
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2 CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (1) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [18].

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of 4 us [19]. The second level,
known as the high-level trigger (HLT), 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
around 1 kHz before data storage [20].

A particle-flow algorithm [21] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined 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 elec-
tron 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 ob-
tained from the corresponding corrected ECAL and HCAL energies. The primary vertex (PV)
is taken to be the vertex corresponding to the hardest scattering in the event, evaluated using
tracking information alone, as described in Section 9.4.1 of Ref. [22].

For each event, hadronic jets are clustered from these reconstructed particles using the infrared
and collinear safe anti-kt algorithm [23, 24] with a distance parameter of 0.4 (AK4 jets) or 0.8
(AKS 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 to 10% of the true momentum over
the whole py spectrum and detector acceptance. Additional proton-proton interactions within
the same or nearby bunch crossings (pileup) can contribute additional tracks and calorimetric
energy depositions to the jet momentum. The charged-hadron subtraction [25] and pileup per
particle identification [26, 27] algorithms are used to mitigate the effect of pileup on AK4 and
AKS jets, respectively, and further corrections are applied to their energy and mass scales and
resolutions to correct for detector mismodeling.

Electrons falling within the tracker acceptance are reconstructed using momentum derived
from the tracker, the energy from the corresponding ECAL cluster, and the collective energy of
all bremsstrahlung photons spatially aligned with the electron track [28]. Muons falling within
the muon chamber acceptance || < 2.4 are reconstructed as tracks in the central tracker which
align with tracks or hits in the muon chambers [29]. Electron candidates are required to fall
within the tracker acceptance of || < 2.5 and have p; > 20GeV, while muon candidates are
required to be within the muon chamber acceptance of |17| < 2.4 and have pr > 10GeV. Both
leptons are then required to pass additional identification criteria [28, 29] to improve purity



and be isolated [21] to suppress those originating from bottom or charm hadron decays.

3 Event Simulation

The HH production in the ggF channel is simulated at next-to-leading-order (NLO) accuracy
in perturbative QCD using POWHEG 2.0 [30-33], while the VBF channel is simulated at leading-
order (LO) accuracy using MADGRAPH5_aMC@NLO 2.6.5 [34]. A basis of samples is simulated
in variations of the x,y, x,, and xy couplings. For ggF, the basis corresponds to xy = 1, x, =
2.45,and k, = 5, while for VBF, the basisis (ky = 1, kv = 1,3 = 1), (ky = 1,6y = 1,x, = 0),
(ky = Ly = Ly, =2), (ky = Lixgy =0,y = 1), (ky = Lkpy = 2,k = 1), and (ky =
1.5,ky = 1,k, = 1). Linear combinations of these samples are used to simulate all possible
variations. The production cross sections of the ggF samples are normalized to the next-to-
NLO (NNLO) predictions for each coupling value [9, 35-40], while the SM VBF production
cross section is normalized to the next-to-NNLO (N°LO) predictions with the same N*LO/LO
correction applied to all other couplings.

The primary background of QCD multijet events is estimated purely through data. Top quark
events, such as single t- and tt pair-production in association with jets, are simulated at the
NLO QCD precision with POWHEG 2.0 [30-32, 41, 42]. V+jets events are simulated at LO ac-
curacy with MADGRAPH5_aMC@NLO. Jets from the matrix element calculations and parton
shower description are matched using the MLM prescription [34]. Diboson events are also
simulated at LO accuracy. SM ggF H events are simulated at NNLO with POWHEG 2.0 [33, 43].
The POWHEG generator is also used to model VBF H, VH, and ttH processes at NLO [44-46].

The parton showering, hadronization, and underlying event interactions for all processes are
simulated using PYTHIA 8.205 [47] and the CP5 [48] tune. The parton distribution functions
used correspond to those from NNPDF 3.0 [49] and 3.1 [50]. The response of the CMS detector is
modeled with the GEANT4 package, with pileup emulated via mixing of simulated minimum-
bias interactions.

4 Event Reconstruction and Selection

The primary physics objects considered in this analysis are large-radius (AKS) jets representing
the two Higgs bosons. AK4 jets are also used in the online selection and to identify VBF HH
production. As we do not expect any isolated leptons in our signal, events containing any
isolated electrons and muons are vetoed.

The online selection is based on the combination of several conditions. Events with a scalar sum
of jet transverse momenta Hy of at least 800, 900, or 1050 GeV, depending on the data-taking
period, are selected. Events containing at least one AKS jet with pr of at least 400 or 500 GeV,
where in the former case, the jet is required to have a trimmed mass of at least 40 GeV, are also
chosen. Finally, triggers requiring an Hy of 750 and 800 GeV with all jets possessing “trimmed
masses” of at least 50 GeV are considered as well, where the trimmed mass is defined as the
invariant mass of the jet constituents after a jet trimming procedure [51] to remove soft and
wide-angle radiation, using a subjet size parameter of 0.3 and a subjet-to-AKS jet pt fraction of
0.1. The trigger selection efficiency varies between 10 and 95% for jets with 300 < pt < 450 GeV
and is fully efficient for jets with pp > 500 GeV.

Both the H — bb and H — VV decays are then targeted through an offline selection for
two highly boosted AKS jets with a minimum py of 300GeV and || < 2.4. The ParticleNet
graph neural network (GNN) algorithm [52] is used to isolate the signal H — bb jets against
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Table 1: Offline selection criteria for the signal and fail analysis regions.

VBEF Region ggF Region | Fail Region

No electrons or muons

> 2 AK8 jets
pr > 300GeV (all jets)
7| < 2.4 (all jets)
50 < Mgy < 250GeV (all jets)
Tyxpp, > 0.8 (at least one jet)

Jet assignment:
H — bb: highest Ty, score
H — VV: out of remaining jets, highest GloParT score

Not passing VBF selections
T2, > VBF Ty, WP T2, > ggF Ty, WP TR, < ggF Ty, WP
BDTygr > VBF BDT WP BDT, > ggF BDT WP

b
TR, > VBF WP

T, = ggF WP

TbB O T emSE—— e A
BDTggr = ggF WP BDTver > VBF WP

Figure 3: Illustration of the signal and fail analysis region selections in terms of the T¢Y, and
BDT scores.

background QCD jets using a discriminant, Ty, derived from its outputs, while to identify
the H — VV — 4q jets, we introduce the new GloParT DNN, based on the ParticleTrans-
former (ParT) architecture [53], described in Section 5. Both networks have been decorrelated
from the mass of the jets by enforcing a uniform distribution in jet mass and p in the train-
ing samples [17], to aid with their calibration. Additionally, as the jet mass resolution is cru-
cial to the sensitivity of the search, we optimize the mass reconstruction for all AKS jets us-



ing a ParticleNet-based regression algorithm trained to learn the true event-generator-level jet
mass [54], the output of which we refer to as the regressed jet mass, or m,.,. The jet with the

higher (lower) Ty, score is considered the bb- (VV-) candidate jet.

The VBF process produces two, likely forward, jets with large invariant masses and pseudora-
pidity separations. To identify this mode, we select up to two AK4 jets per event, required to
have pr > 25GeV, |57| < 4.7, and a AR separation of 1.2 and 0.8, respectively, from the bb- and
VV-candidate AKS jets. Out of the selected events, the two highest pt jets are considered the
VBF-jet candidates, and their invariant mass and pseudorapidity separation are used as input
variables in a boosted decision tree (BDT) to discriminate against QCD and other backgrounds.
These VBF-jet features are zero-padded for events with fewer than two jets passing the VBF-jet
selections. Other input variables include outputs from the GloParT tagger and the two selected
AKBS jets” kinematics. The variables are optimized to provide the highest BDT performance
while remaining decorrelated from the mass of the bb-candidate jet.

The BDT is optimized simultaneously for both the SM ggF and BSM VBF x,, = 0 signals,
and separate “ggF” and “VBF” signal regions are defined using the BDT probabilities for the
respective processes, referred to as BDTg,r and BDTygg. Separate BDTs for the two processes
were also tested, and the difference in performance was negligible. Concretely, the VBF re-
gion is defined by selections on the Ty, score of the bb-candidate jet (T}gﬁ’b) and the BDTypr
discriminant, corresponding to VBF signal (background) efficiencies of 40% (=~ 0.1%) and 20%
(= 0.003%), respectively, chosen to optimize the expected exclusion limit on the VBF signal.
The ggF region is defined by a veto on events passing the VBF selections along with selections
on the TR and BDT, discriminants, corresponding to ggF signal (background) efficiencies
of 60% (=~ 0.3%) and 7% (~ 0.01%), respectively, similarly chosen to optimize the limit on the
ggF signal. These selections are referred to as the ggF and VBF T)lzlﬁb and BDT working points
(WPs).

To avoid biasing the analysis, these selections are optimized using a data-driven estimate for
QCD multijet background performed only in the sidebands around my. The Ty, discrimi-

nant’s signal efficiencies are calibrated using boosted gluon splitting to bottom quark (g — bb)
jets in data and simulations [17], with pr-dependent scale factors and uncertainties applied
to the HH signals. The uncertainty on the BDT signal efficiency is dominated by that of the
GloParT tagger and is calibrated based on a new technique using the ratio of the primary Lund
jet plane [55] densities of each individual quark-subjet, described below in Section 5.1.

The search is performed by constructing a likelihood in the pass region as a function of the
regressed mass of the bb candidate jet (m?gg). The QCD multijet background contribution in
the pass region is estimated through data in a “fail” region, defined using the same baseline
selections on the two AKS jets, but with the Ty, selection inverted, as described in Section 6
below. A summary of all offline selections is provided in Table 1, and the signal and fail region
selections in terms of the T}gﬁb and BDT scores are illustrated in Fig. 3.

5 H — VV jet identification with GloParT

Effectively discriminating merged H — bb and H — VV jets from QCD jets is critical to the
sensitivity of this search. The ParticleNet classifier is used for tagging H — bb jets, as in
the CMS boosted HH — bbbb search [13]. For identifying H — V'V jets, we introduce a new
transformer-based model, based on the ParT architecture, called the global particle transformer
(GloParT).
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Figure 4: Full set of training jet classes for GloParT.

GloParT is trained to classify between background QCD jets and a wide variety of fully hadronic
and semi-leptonic Higgs and top quark processes. The full set of training classes is shown in
Fig. 4. To achieve mass decorrelation, the masses of Higgs- and top-quark-like resonances are
varied in the training samples. Specifically, Higgs-like topologies are simulated using spin-0
particles (G) decaying to HH and top-quark-like topologies with G decaying to tt, where the H
and t masses are varied between 15 and 250 GeV. This ensures the tagger is not able to learn in-
formation about the resonance masses, but rather only the jet substructure. Mass decorrelation
with respect to the H — V'V jet is not strictly necessary for this search as the signal is extracted
only through the bb-jet distribution; however, it allows the tagger to be more generally appli-
cable. For H — VV decays, the W and Z boson masses are also varied, either linearly with the
H mass, for SM Higgs boson searches such as this one, or independently, motivated by BSM
scenarios.

The final states for each process are grouped by the number of quarks and leptons per jet, and
then further separated by heavy flavors. Notably, fully hadronic H — VV jets are separated
into 4- and 3-pronged jets (qqqq and qqq), to account for boosted jets which may not capture all
four VV daughter quarks. The inputs to the model are AKS jets with up to 128 PF candidates
and 7 secondary vertices, with features listed in Table 2, and the outputs are the probabilities of
the jet to have originated from each of the aforementioned processes and final states. Although
the GloParT model is also trained on H — bb jets, it has not yet been calibrated for that final
state; hence, we use ParticleNet for bE—tagging.

To evaluate the performance of the tagger, we use a single discriminant focusing on differenti-
ating between the hadronic H — VV final states and top quark and QCD multijet backgrounds,
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candidate jets passing the AK8 online and offline selections for SM HH signal versus QCD and
tt backgrounds.

defined as
Pryvaq + Pavvag

@

Tayy = ,
Pocp + Prop + Prvvaq + Prvvag
where Pyyvaq, Prvvaq Pocp, and Prp are the sum of the predicted probabilities of their respec-
tive sub-categories. The performance of this discriminant on VV-candidate jets passing our
AKS online and offline selections is shown in Fig. 5. In the analysis, the raw Pyyvaq, Prvvaq
Pqocp, and Py, are used as inputs to the BDT.

5.1 Calibration using the Lund jet plane

Unlike boosted H — bb calibration, where we can use g — bb jets as a proxy to measure data
versus signal MC disagreement, it is difficult to define a control region dominated by an SM
candle for the 4-pronged H — VV — 4q jets. We instead use a method that measures data ver-
sus MC differences in the per-subjet radiation pattern based on densities of their primary Lund
jet planes [55]. The primary Lund plane of a jet represents each successive hardest splitting in
the 2D (In(1/A), In(ky/ GeV)) plane, where A is the angular separation between the emitting
and emitted particles and ky is the product of A and the pt of the emitted particle. As discussed
in Ref. [55], the primary Lund plane captures key physics and substructure information about
the jet. The ratio of the densities of primary Lund planes in data and simulation are measured
in Ref. [56] per subjet in merged two-pronged jets originating from W bosons, clustered with
the kr algorithm [57, 58] to two exclusive jets, and binned in subjet pr.

To measure a correction for the signal efficiency, first, a data-to-MC relative weight per event
is derived for the signal by calculating the primary Lund plane splittings for each subjet in the
H — VYV jet and taking the product across the subjets of each splitting’s data-to-MC correc-
tion factor as a function of its kt, A, and subjet pr. The ratio of the signal yield after following
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Table 2: The complete set of input features into GloParT. Three types of inputs are considered:
charged PF candidates, neutral PF candidates, and secondary vertices (SVs).

Variable Definition
charged PF candidates
log pr logarithm of the particle pr
log E logarithm of the particle energy
An(jet) difference in pseudorapidity between the particle and the jet axis
Agp(jet) difference in azimuthal angle between the particle and the jet axis
7] absolute value of the particle pseudorapidity
q electric charge of the particle
isMuon true if the particle is identified as a muon
isElectron true if the particle is identified as an electron
isChargedHadron true if the particle is identified as a charged hadron

pvAssociationQuality

lostInnerHits

flag related to the association of the track to the primary vertices
quality flag of the track related to missing hits on the pixel layers

X2/dof X2 value of the trajectory fit normalized to the number of degrees of freedom
qualityMask quality flag of the track
d, longitudinal impact parameter of the track
d./oy, significance of the longitudinal impact parameter
dy, transverse impact parameter of the track
dyy /0y, significance of the transverse impact parameter
el » pseudorapidity of the track relative to the jet axis
P1rel Tatio track momentum perpendicular to the jet axis, divided by the magnitude of the track momentum
Pparel Tatio track momentum parallel to the jet axis divided by the magnitude of the track momentum
d3p signed 3D impact parameter of the track
d3p/0o3p signed 3D impact parameter significance of the track
trackDistance distance between the track and the jet axis at their point of closest approach
Neutral PF candidates
log pr logarithm of the particles pr
logE logarithm of the particles energy
Ay (jet) difference in pseudorapidity between the particle and the jet axis
Ag(jet) difference in azimuthal angle between the particle and the jet axis
7] absolute value of the particle pseudorapidity
isPhoton true if the particle is identified as a photon
isNeutralHadron true if the particle is identified as a neutral hadron
For SVs within the jet cone
log pr logarithm of the SV pr
Mgy invariant mass of the tracks associated with the SV
An(jet) difference in pseudorapidity between the SV and the jet axis
Ag(jet) difference in azimuthal angle between the SV and the jet axis
7] absolute value of the SV pseudorapidity
Niracks number of tracks associated with the SV
X2/dof X2 value of the SV fit normalized to the number of degrees of freedom
dyp signed 2D impact parameter (i.e., in the transverse plane) of the SV
dyp/oop signed 2D impact parameter significance of the SV
d3p signed 3D impact parameter of the SV
d3p/o3p signed 3D impact parameter significance of the SV

the BDT selection with and without these event weights is then defined to be the data-to-MC
correction, which is applied as a scale factor to each signal’s overall yield, independently in
the ggF and VBF regions. Uncertainties from the correction procedure are propagated as sys-
tematic uncertainties in the scale factor. These include statistical uncertainties on the derived
Lund plane ratio, due to the limited number of data events in the W boson enriched sample,
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Figure 6: Distributions of the GloParT Ty discriminant before (left) and after (right) the Lund
plane reweighting of top matched jets. The combined uncertainties from Lund-plane-based
scale factors on the MC yield per bin are shown in gray, and are propagated to the data/MC
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and systematic uncertainties on the ratio, stemming from the MC modeling. Additionally, an
uncertainty accouting for the extrapolation to high py subjets and an uncertainty accounting
for the assumption of quark-subjet matching are included, as described in detail in Ref. [56]. A
summary of the measured scale factors and uncertainties for different HH signals and signal
regions is provided in Table 3. We note that while, in principle, this method could be used
to calibrate the background efficiencies as well, this is not deemed necessary as the dominant
background of QCD multijet events is estimated purely from data and the modeling of the
subdominant backgrounds considers several other large sources of systematic uncertainties, as
described in Section 7.

Table 3: Signal efficiency scale factors (SFs) and uncertainties for the BDT selection using the
Lund jet plane for different HH signals and analysis regions. Both the total combined uncer-
tainty and the components mentioned in the text are shown.

. . Uncertainty components
Signal Region Process SF + unc. - - - — - - - -
Ratio MC modeling | Ratio statistical | Ratio p extrapolation | Subjet matching

SM ggF HH 1.0540.24 0.16 0.05 0.00 0.16

ooF SM VBF HH 117 £0.45 0.35 0.05 0.00 0.16
VBF HH (xpy = 0) | 1.09£0.18 0.02 0.04 0.01 0.15

VBF HH (xpy =2) | 1.10£0.18 0.02 0.05 0.01 0.15

SM ggF HH 0.95+0.28 0.26 0.08 0.01 0.12

VBF SM VBF HH 1.08 £0.46 0.38 0.05 0.01 0.19
VBF HH (xpy = 0) | 0.93£0.27 0.16 0.06 0.02 0.23

VBF HH (xpy = 2) | 0.94+0.27 0.16 0.05 0.02 0.23

The scale factor measurement is validated for GloParT on boosted top quark jets. We de-
fine a semi-leptonic boosted tt control region, tagging a leptonically-decaying top quark (t —
bW — buv), and then probing an opposite-side high pr AKS jet representing the hadronically-
decaying quark. The event selection follows that of the control region in Ref. [56], comprising
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online muon triggers and offline selections for a b-tagged AK4 jet, a leptonically-decaying W
boson—based on the presence of a muon and missing transverse energy—and a high pr AK8
jet with mass close to that of the top quark. Jets from the tt MC samples are categorized using
generator-level particles as either: “top matched”—with all three daughter quarks lying within
the jet; “W matched”—only the W daughter quarks inside the jet; or “unmatched”—neither of
these two cases. Only the top-matched jets are reweighted with the Lund plane ratios.

We consider the Tyyyy discriminant from Eq. (1), excluding Pr,, in the denominator to retain top
quark events in the high tagger score bins. Plots of the Tyyyy distribution from the 2018 datasets
before and after Lund-plane-reweighting of the top-matched-jet events are shown in Fig. 6. The
combined uncertainties per bin are also shown in the distributions and data/MC ratios. We
observe an overall improvement in data/MC agreement in the high Ty bins (Tyyy > 0.6),
with the x2-test value improving from 16.6 to 10.9. Importantly, the data and MC yields are all
consistent within 1 ¢ in these bins.

6 Background Estimation

The search is performed in the signal regions using a one-dimensional likelihood model binned
in m?gg. The background in these regions is dominated by QCD multijet events, and is estimated
using the product of data in the fail region with polynomial transfer factors, as in several pre-
vious CMS boosted Higgs boson searches including HH — bbbb [13, 59, 60], and as described
below. Other minor backgrounds include top quark and vector boson backgrounds, which are
estimated using MC simulation, systematic and statistical uncertainties for which are incorpo-
rated in the final statistical analysis. Deviations to the quartic coupling can also enhance VHH
production. However, this process is suppressed in the VBF region because of the lepton veto,
the selections for two forward jets, and its 10-100 times smaller production cross section for

Koy deviations.

To estimate the QCD multijet background, its yield in each mlﬁé’g bin in the fail region is rep-
resented by an unconstrained parameter in the likelihood, whose initial value is set by the
difference between the data and the total standard model MC background in that bin. The
QCD yield in the corresponding bin of the signal regions is then determined by the product

of the yield in the fail region with separate 1D “fail-to-pass” transfer functions, Tf /g (mb,), for

each region R € {ggF, VBF}, evaluated at that bin in mEé’g. As both the H — bb tagger and
BDT are decorrelated with the jet mass, it is assumed that the shape of data in the fail and pass

regions are largely similar, with any residual differences then corrected by TII){/F(mlr’Eg).

Each transfer function is chosen to be a polynomial whose order is determined by independent
Fisher F-tests [61] for the two signal regions, yielding a Oth-order (i.e. constant) TII}/F(mEg’g) =
4.9 -107° for the ggF region and a 1st-order TII,{/F(mEgg) = (0.3 mﬁ';g —3.2) - 107 for the VBF re-
gion. The coefficients of the transfer function are fit simultaneously to the data in all three anal-
ysis regions, along with the signal and background systematic uncertainties and the HH signal
strengths. The background estimate is validated for the two signal regions using goodness-
of-fit tests based on the saturated model test statistic, which yield p-values of 0.09 and 0.47,
respectively, indicating no significant disagreement between the data and our model. Studies
are also performed using pseudodata to confirm that the background estimate does not bias
the measured HH signal strengths.
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7 Systematic Uncertainties

We consider several sources of theoretical and experimental systematic uncertainties on the sig-
nal and background modelling in the signal regions, which are summarized in Table 4. Overall,
the dominant source of uncertainty on the HH signal strength is the statistical uncertainty in
the QCD multijet background estimation, driven by the limited signal region sample size. This
uncertainty has an impact on the best-fit signal strength of 50% relative to the overall uncer-
tainty.

The uncertainties on the signal efficiency of H — bb and H — VV are also significant. The
H — bb efficiency scale factors and uncertainties are measured for data versus simulation
in a control region dominated by g — bb jets [17] and represent a 10% relative impact. The
H — VYV efficiency scale factor and uncertainty measurements are described in Section 5.1 and
vary depending on the production mode and different coupling strengths of the HH signal,
representing an overall 23% relative impact.

Other significant sources of experimental uncertainty include the scale and resolution of the
regressed jet mass and reconstructed jet energy [62] in data versus simulations. Jet mass cor-
rections and uncertainties are measured in a control region enriched in tt events, using AKS8 jets
originating from hadronic W boson decays [63], and with a 7% impact, while jet energy cor-
rections and uncertainties constitute 2%. Finally, there are large statistical uncertainties related
to the MC simulations of the subdominant top quark and vector boson backgrounds, reaching
30% in some bins of the signal regions; these have an 8% impact.

On the theoretical side, there is a large uncertainty related to the HH production cross sections,
which has a relative impact of up to 24% on best-fit signal strength. Uncertainties related to
the parton showering performed using PYTHIA 8 [64] are propagated to the MC kinematic
distributions and have a 15%, while QCD renormalization and factorization scale uncertainties
are estimated by considering the envelope of distributions obtained by varying the scales by a
factor of 2 and constitute a 5% impact.

Subdominant sources considered include uncertainties related to parton distribution functions
(PDFs), H branching fractions, luminosity [65-67], pileup interactions, and trigger efficiencies,
which have sub-percent-level impacts.

8 Results

A binned maximum likelihood fit is performed to the observed mEebg distributions simultane-
ously in the signal and fail regions, whose results are shown in Fig. 7. Upper limits on the HH
production cross section and constraints on the «x,y, coupling at a 95% CL are derived based on
the asymptotic formulae for the profile likelihood ratio test statistic [68, 69] and the CL, [70, 71]
criterion, and are shown in Figs. 8 and 9, respectively. To derive upper limits at different x,y
values, the signal shapes are interpolated using a linear combination of simulations with vary-
ing couplings. The upper limit on the SM HH production cross section is observed (expected)
to be 142 (69) and on the x,, = 0 benchmark 1.1 (0.9), relative to their theoretical predictions.
Finally, the coupling modifier «,y is observed (expected) to be constrained within [—0.04, 2.05]
([0.05,1.98]) at 95% CL. These results have been determined using the CMS statistical analysis
tool COMBINE [72], which is based on the ROOFIT [73] and ROOSTATS [74] frameworks.
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Table 4: Summary of the effect of different systematic uncertainties on the signal or background
yields.

Source Processes affected Uncertainty (combined %)
ggF HH production cross section ggF HH +5%/—19%
VBF HH production cross section VBF HH 2.1%

H — bb branching fraction HH 1.25%
H — VV branching fraction HH 1.53%
H — bb tagging signal efficiency HH 7-10%
H — VV tagging signal efficiency HH 16-38%
QCD multijet background uncertainty QCD multijet 10%
Parton showering Al MC 1-9%
Jet energy scale and resolution Al MC 1-3%
Jet mass scale and resolution All MC 1-4%
MC statistical uncertainty Al MC 1-30%
QCD renormalization and factorization scale All MC 7-10%
PDF ANl MC 1-4%
Luminosity ANl MC 1%
Pileup AllMC 1%
Trigger efficiency AllMC <1%

9 Summary

We describe a search for standard model (SM) nonresonant Higgs boson pair (HH) production
in the two bottom quark (bb) and two vector boson (VV) all-hadronic final states. We search for
two highly boosted Higgs bosons producing fully merged jets; where all H daughter quarks
are contained within a single large-radius jet. The established ParticleNet mass-decorrelated
tagger is used to select for H — bb jets and we introduce the new high-performing GloParT
tagger for H — VV jets. The HH signal is extracted using the H — bb jet regressed mass
using control regions with tagger scores inverted to obtain a data-driven estimate of the shape
and normalization of the QCD multijet background via a parametric transfer function. The
results are interpreted in terms of a multiplicative modifier of the SM quartic coupling between
two Higgs bosons and two vector bosons, which is observed (expected) to be constrained to
[—0.04,2.05] ([0.05,1.98]) at 95% confidence level.
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Figure 7: Post-background-only-fit distributions of the bb-candidate jet regressed mass (m?ebg)
in the ggF (left) and VBF (right) signal regions.
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Figure 8: Observed and expected exclusion limits at 95% CL for the HH — bbVV signal SM
production cross section (top) and cross section at x,y; = 0 (bottom).
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