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A search for Higgs boson (H) production in association with two vector bosons (V = W, Z) via vector-
boson scattering (VBS) is presented using proton-proton collision data collected at /s = 13 TeV by the
CMS experiment, corresponding to an integrated luminosity of 138 fb~!. Events containing two forward
jets consistent with VBS, a large-radius jet from the decay of a boosted H to a pair of b quarks, and zero,
one, or two charged leptons coming from V decays are selected. The process is excluded at 95% confidence
level for observed (expected) values of the VVHH coupling modifier x,, outside the interval
0.40 < Ky < 1.60 (0.34 < Ky < 1.66), assuming standard model values for all other couplings, thus
establishing a novel probe of the VV HH interaction. Constraints are also set on the individual x,y and «,,
coupling modifiers and on the allowed region in the x,y -k, plane.

DOI: 10.1103/gwj9-5bxm

The discovery of the Higgs boson (H) by the ATLAS and
CMS Collaborations at the CERN LHC in 2012 [1-3]
marked a milestone in our understanding of fundamental
interactions. Since then, extensive efforts have focused on
measuring its properties and couplings. The H self-coupling
and the VVHH (V = W, Z) quartic coupling, the modifiers
of which with respect to the standard model (SM) are
parametrized as k; and x,y [4,5], respectively, have so far
been probed only in searches for H pair production [6,7]. An
alternative path to access both these couplings is offered by
H production in association with a pair of vector bosons
(VV H) via vector-boson scattering (VBS). This is illustrated
in Fig. 1, where two of the leading order (LO) Feynman
diagrams are shown.

The VBS VVH production cross section at /s =
13 TeV is predicted to be 1.99 fb at LO [8], considering
all the relevant processes. However, deviations in k,y from
the SM value of 1 can significantly enhance the cross
section and boost the final-state objects, thereby increasing
the experimental sensitivity to this process. This makes the
search for VBS VVH production synergistic with H pair
production searches, which constrain «,y, within the range
of [0.64, 1.40] using CMS data collected at /s = 13 TeV
[6]. ATLAS data constrain the same parameter in the range
[0.6, 1.5] [7]. More recently, a CMS search for H pair
production in final states with four » quarks constrained x5y
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in the range [0.74, 1.30], using improved b tagging
algorithms and combining data collected at 13 and
13.6 TeV [9]. The VBS VVH production is also sensitive
to the individual WWHH and ZZHH couplings, with
modifiers k, and x5, only loosely constrained by the CMS
search for VHH production [10]. Deviations in x; deter-
mine less pronounced changes in cross section and kin-
ematics. Consequently, the exploration of the H self-
coupling is left to future work, and x; = 1 is assumed in
this search.

This Letter reports on a search for VVH production via
VBS in proton-proton collision data at /s = 13 TeV
collected by the CMS experiment at the LHC in
2016-2018, corresponding to an integrated luminosity of
138 fb~!. The search is performed in several channels: all-
hadronic, single-lepton, and dilepton, depending on the
number of reconstructed leptons (£) from the W- or the
Z-boson decays. Dilepton channels target final states
containing electrons and muons with charges of the same
or opposite sign (SS or OS). Events with one hadronically
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FIG. 1. Examples of tree-level Feynman diagrams for the
production of VVH via VBS, with dependencies on the H
self-coupling (left) and the VVHH quartic coupling (right). The
corresponding vertices are denoted by the x; and x,, modifiers,
respectively.
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decaying 7 lepton are also accepted in the SS channel. Final
states where the H decays into a pair of b quarks are
studied. A large Lorentz boost is required for the decay
products of the H and the vector bosons. Therefore, the H
and at least one vector-boson decaying hadronically, if
present, are reconstructed as single large-radius jets. All
channels utilize the characteristic VBS signature of two
additional jets with a large pseudorapidity () separation.

The CMS apparatus [11,12] is a multipurpose, nearly
hermetic detector, designed to trigger on [13—15] and
identify electrons, muons, photons, and hadrons [16—18].
The CMS “particle-flow” (PF) algorithm [19] combines the
information provided by the all-silicon tracker and by the
crystal electromagnetic (ECAL) and brass-scintillator
hadron calorimeters (HCAL), operating inside a 3.8 T
superconducting solenoid, with data from the gas-
ionization muon detectors embedded in the flux-return
yoke outside the solenoid, to reconstruct individual par-
ticles, which are further used to build 7 leptons, jets, and
missing transverse momentum [20—22]. The primary vertex
(PV) is chosen as the vertex corresponding to the hardest
scattering in the event, evaluated using tracking informa-
tion alone [23].

Muon candidates are reconstructed within || < 2.4 by
combining silicon tracker and muon chamber data [17].
Muons must meet quality criteria based on tracker and
muon detector hits, track properties, and impact parameters
relative to the PV. Electron candidates within || < 2.5 are
reconstructed by matching silicon tracker tracks to ECAL
energy clusters [16]. They must meet identification criteria
based on shower cluster shape, track-cluster matching,
HCAL energy fraction, and track compatibility with
the PV. Electrons in the ECAL barrel-end-cap transition
region (1.44 < |y| < 1.57) or originating from photon
conversions are discarded. The lepton isolation is computed
by summing the transverse momenta (p) of PF candi-

dates originating from the PV within a cone of AR =

V/ (An)? + (Ag)? = 0.4(0.3) around the muon (electron),

where ¢ is the azimuthal angle and is corrected for the
contribution of neutral particles from additional inter-
actions in the same or nearby bunch crossings (pileup)
[16,17,24]. Selections are based on the isolation sum
normalized to the pt of the lepton. Leptons are classified
as “tight” or “loose” according to the criteria defined in
Ref. [25] in all channels, except for the SS dilepton
channel, where criteria similar to those defined in
Refs. [16,17,24] are used. Hadronically decaying 7 leptons
are identified by the DeepTau algorithm [26].

Jets are clustered from PF candidates using the anti-ky
algorithm [27,28]. Distance parameters of 0.4 and 0.8 are
used to reconstruct so-called “AK4” and “AK8” (or large-
radius) jets, respectively. Jet momenta are corrected to
reduce pileup contributions: the charged hadron subtraction
[29] and the pileup-per-particle identification [29,30] algo-
rithms are used for AK4 and AKS jets, respectively. Further

corrections are derived from simulation and in situ mea-
surements in data [21]. Jets affected by detector noise or
reconstruction failures are discarded, and pileup jets are
suppressed using a multivariate discriminator [29]. The
missing transverse momentum vector i)’?iss, with magnitude
piiss s defined as the negative pr sum of all PF candidates
and corrected for AK4 jet energy scale calibrations [22].

The mass-decorrelated version of the X — bb
ParticleNet tagger [31] is used to identify H — bb candi-
dates with a mass-independent probability score ranging
from O to 1. An analogously mass-decorrelated X — ¢qq
ParticleNet tagger identifies hadronic vector-boson decays.
To estimate the AKS8 jet mass, the ‘“soft-drop” (SD)
grooming algorithm [32-34] with =0 and z =0.1 is
applied, yielding the SD mass mgp. The AK8 mass
resolution is further improved using the ParticleNet-
regressed mass mpy. For boosted H and vector-boson
reconstruction, AK8 jets with || < 2.5, ungroomed mass
> 50 GeV, and mgp > 40 GeV are considered. After
selecting AKS8 jets, nonoverlapping AK4 jets are used
for b and VBS jet identification. The AK4 jets originating
from b quarks within || < 2.5 are identified using the
Deeplet [35-37] algorithm and are used to suppress the
background arising from 7 production. Jets are classified as
b jets based on the Deeplet output, with loose, medium,
and tight working points corresponding to light-flavor
quark or gluon jet misidentification rates of 10%, 1%,
and 0.1% and efficiencies of about 92%, 75%, and 58%,
respectively. The AK4 jets with pr > 30 GeV and || <
4.7 are considered as VBS jet candidates.

We model VBS VVH events and calculate the corre-
sponding production cross sections at LO using the
MADGRAPHS5_aMC@NLO v2.6.5 [8] Monte Carlo event
generator. The generator is interfaced with Pythia v8.240 [38]
for the simulation of boson decays, using the dipole recoil
scheme to correctly emulate the color structure [39]. To
simulate events with different «,, values, the event
reweighting feature of MADGRAPHS_aMC@NLO [40] is
employed.

Background simulation is used in the optimization of the
analysis, while data-driven methods are used for the purpose
of modeling the data in all channels. Simulated events are
also used in the SS dilepton channel to predict the SM
background, in conjunction with control samples in data.
The largest source of background in the all-hadronic channel
is the production of multijet events through quantum
chromodynamics (QCD) processes. The QCD background
is simulated at LO with MADGRAPHS _aMC @NLO. Other
major background processes are 17 and W + jet production.
The tf background [41] is simulated at next-to-LO (NLO)
precision in perturbative QCD with the POWHEG v2.0 pro-
gram [42-44]. The W + jet background is simulated with
MADGRAPHS5_aMC@NLO at LO, with up to four additional
partons, merged at the parton shower level via the MLM
matching scheme [45]. Other sources of background include
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diboson production, s-, -channel, and tW single top quark
production, electroweak production of a W boson, quark-
initiated WH, ft+ vector bosons, and Z + jet production.

The generated matrix-element-level events are interfaced
with Pythia v8.240 to model parton showering and hadroni-
zation, as well as the underlying event. The generation of
all samples is based on the CP5 tune [46] for Pythia and the
NNPDF v3.1 next-to-NLO parton distribution functions
(PDFs) [47,48]. Simulated pileup interactions are added to
the hard-scattering process, with a multiplicity matched to
the pileup profiles of the data. The detector response is
modeled with Geant4 [49].

The search is performed across six channels, defined
according to the lepton and jet multiplicities in the event.
Events in the all-hadronic channel are required to contain
exactly zero loose leptons, while in the single-lepton
(dilepton) channel they must contain one (two) tight
leptons. The all-hadronic channel is further split into two
categories, semiboosted and fully boosted, which require
exactly two and more than two AKS jets, respectively. The
dilepton events are split into the OS and SS channels.
Events in the OS dilepton channels are then categorized
according to the dilepton mass (m,,), requiring that it is
either consistent with that of a Z boson (OS Z) or not (OS
WW). All channels are orthogonal by construction except
for the SS dilepton channel. For this channel, the ortho-
gonality is explicitly verified after the event selections are
applied because of the different lepton identification criteria
employed.

In the all-hadronic channels, events of interest are
collected using triggers based on the scalar pp sum of
all jets (Hr), with thresholds of 800 or 900 GeV for 2016
and 1050 GeV for 2017 and 2018. Events are split into the
fully boosted and semiboosted channels based on the
number of AKS8 jets with pt > 300 GeV. In the fully
boosted channel, the H — bb and both the vector-boson
candidates are reconstructed as AKS jets. In the semi-
boosted channel, one vector-boson candidate is recon-
structed as a pair of AK4 jets. In both channels, a pair
of AK4 VBS jet candidates is also required: in the case of
multiple pairs, the one with the largest absolute pseudor-
apidity difference (|Anj|) is selected.

In the single-lepton channel, single-lepton triggers
require isolated leptons with pp > 24 (27) GeV for muons
in 2016 and 2018 (2017), and pt > 27 (32) GeV for
electrons in 2016 (2017-2018). Events must contain
exactly one tight lepton with pt > 40 GeV and no addi-
tional loose leptons. Two AKS jets with pt > 250 GeV are
required and identified as the H — bb and the hadronically
decaying vector-boson candidates. The VBS jets are chosen
as the highest-momentum AK4 jets in opposite # regions. If
this criterion fails, the two highest-momentum jets are
selected.

In the dilepton channels, single-lepton triggers are used
for OS WW events. These are used in combination with

dilepton triggers for OS Z events, with pr thresholds of 17
and 8 GeV for muons and 23 and 12 GeV for electrons. The
SS dilepton channel also uses mixed muon-electron trig-
gers, requiring a muon (electron) with pr > 23 (12) GeV
and an electron (muon) with pr > 23 (8) GeV. Exactly two
tight leptons are required, with no additional loose leptons.
In the OS Z channel, the two leptons must have an invariant
mass my, consistent with that of a Z boson, requiring
86 < my, < 96 GeV, while the same window is vetoed in
the OS WW channel. The H — bb candidate is recon-
structed as an AKS jet in all channels. In the OS Z channel,
one vector-boson decays hadronically and is also recon-
structed as an AKS jet. The VBS jet pair is chosen as the
pair of AK4 jets with the largest |Az;| in both the OS
channels, while the same selection as in the single-lepton
channel is used in the SS channel.

An AK4 b jet veto is applied in the single-lepton and
dilepton channels, to reduce the ¢ background contribu-
tion. Additional selection criteria on event properties are
also applied, as summarized in Tables I-VI in the End
Matter.

A multivariate analysis is subsequently performed in all
channels. Backgrounds are estimated from control samples
in data using a matrix (“ABCD”) method [50], except for
the SS dilepton channel. The background in the signal
region (A) is predicted from data in control regions B, C,
and D, defined by inverting the criteria used to select the
VBS jets (B), the VVH system (C), or both (D). This
choice of the ABCD axes is motivated by the negligible
correlation expected in background events between the
properties of the VVH system and the VBS jets.

The all-hadronic and single-lepton channels use the
method suggested in Ref. [51] to train a deep neural network
(DNN) orthogonal to the discriminating features used to
select the VBS jet pair. The output of the DNN and the VBS
selection features are then used as the two ABCD axes.
Different DNNSs are trained in each channel, using simulated
events to separate signal in the k,,; = 2 benchmark scenario
from all background sources. This benchmark is used as it is
expected to be close to the final exclusion limit. In the all-
hadronic fully boosted topology, the DNN uses as input the
prs 1, ¢, and mpy of the three selected AKS jets, along with
the invariant mass of the VBS jet pair mj;. A decorrelation
term in the loss function ensures that the DNN output is
independent of Anjj, and these same quantities are used to
define the ABCD axes. After training, the minimum thresh-
olds used to select on the X — bb and X — gq ParticleNet
tagger scores are tightened for both the H and the vector-
boson candidates. The signal region A is defined by |Ar;| >
5 and a DNN output > 0.97. In the semiboosted topology,
the DNN is trained using the pr, 1, ¢, and mgp of the two
selected AK8 jets, the four-vectors and the invariant mass m;;
of the AK4 jet pair forming the second vector-boson
candidate, and the py sum of all objects forming the
VVH system St. The DNN output is designed to be
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independent of Apnj. The signal region A is defined by
requiring |An;;| > 6, m;; > 1300 GeV, and a DNN output
> (.8. In the single-lepton channel, the DNN inputs are the
pt and mpy of the H and vector-boson AKS jets, the lepton
pr, the m,,, variable, defined as the minimum invariant mass
of the lepton and any b jet passing the loose DeepJet tagger
working point, and ps. Its output is constructed to be
orthogonal to that of a boosted decision tree (BDT) used to
select the VBS jet pair, trained on the pt and 77 of the VBS jet
candidates, Anj;; and mj;. The signal region A is defined by
requiring the DNN and BDT outputs to be > 0.9 and 0.82,
respectively, with the X — bb (X — gq) tagger score >
0.5 (0.7).

In each dilepton channel, a BDT is trained to separate
signal (in the x,y = 2 benchmark scenario) from simulated
background. The BDTs are trained using features of the
V'V H system. The absence of correlation with the properties
of the VBS jets is verified after the training. In the OS WW
channel, inputs include the H candidate pr, i, mgp; the pr,
n, flavor of each lepton; the An, AR, invariant mass of the
two leptons; the event St and piss. The signal region A
requires m;; > 760 GeV, |An;;| > 4.9, a BDT score > 0.85,

and an X — bb tagger score > 0.7. In the OS Z channel, the
BDT inputs are the pt and 5 of the H and Z candidates and of
each lepton; the lepton impact parameter significances and
isolation sums; and m,, the invariant mass of the VVH
system, and St. The signal region A is defined by
mj; > 750 GeV, |Ar/jj| > 4, and a BDT score > 0.85.

The selections used in each channel to define the signal
region, or region A, are summarized in Table VII in the End
Matter, where the cuts inverted to define the B, C, D
regions are also specified.

Systematic uncertainties in the background predictions
are derived from closure tests in data. An analogous ABCD
method is applied in data sidebands, and the prediction is
compared to the observed data in the corresponding region
A of the sideband. The uncertainty is estimated conserva-
tively, by taking the relative difference in the worst closure
sideband. Table VIII in the End Matter shows the data
yields in the regions A, B, C, and D, in each channel,
alongside the predicted background with its uncertainties,
and the benchmark signal expected in region A, for both the
Koy = 2 and SM scenarios.

In the SS dilepton channel, a BDT is also trained to
discriminate signal from background. The BDT inputs
include the pr and # of the H — bb candidate; the pr
of the leptons; the momentum of the VBS jets and the pt of
the VBS dijet system; and m,, p?iss, ST, and the scalar
sum of the pr of the leptons and pss. The signal region is
then divided into three bins according to the BDT output
score ([0, 0.1], [0.1, 0.25], [0.25, 1]).

Results are obtained via binned maximum likelihood fits
of signal and background predictions to data [52], using the
CMS CoMBINE tool [53], based on the RooFit [54] and

RooStats [55] frameworks. In each channel, all the regions
are fitted simultaneously, extracting the signal region
predictions concurrently. Systematic uncertainties are
included as nuisance parameters of the likelihood function
and affect the signal and background normalization, except
for the SS dilepton channel where shape variations are
used. Experimental uncertainties in the signal acceptance
are considered in the lepton trigger and identification
efficiencies, jet energy scale and resolution [21], Deeplet
b tagging efficiency, ParticleNet tagger efficiency, and
integrated luminosity [56-58]. Theory uncertainties in
the signal cross section include renormalization and fac-
torization scales (ur and up, respectively), PDFs, and
initial- and final-state radiation modeling. The overall
dominant systematic uncertainty, of approximately 25%,
arises from up, followed by the uncertainty arising from
PDFs, of approximately 10%. For the background predic-
tion, the statistical and closure systematic uncertainties are
considered. The sensitivity is limited mostly by the
statistical uncertainty, given the low data yields in the
signal regions.

All channels are combined to obtain upper limits at
95% confidence level (CL) on the VBS VVH production
cross section as a function of the k,; coupling modifier.
Assuming all other H couplings are equal to their values in
the SM, the VBS VV H production is excluded at 95% CL
for k,y outside the observed (expected) range of 0.40 <
Ky < 1.60 (0.34 < ko < 1.66). The results are shown
in Fig. 2.
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FIG. 2. Observed (solid) and expected (dashed) 95% CL
constraints on the VBS VVH production cross section as a
function of x5y, with other couplings fixed to their SM values.
The intersections with the predicted cross section (blue) indicate
the excluded «,y ranges.
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FIG. 3. Observed (solid) and expected (dashed) 95% CL

constraints on the VBS VVH production cross section as a
function of k,y (upper) and k,7 (lower). The intersections with
the predicted cross section (blue) indicate excluded coupling
ranges.

Similarly, the channels are combined to constrain the x,y,
and k,, parameters, each varied while keeping the other at
its SM value, as reported in Fig. 3. The x,y and x,;
coupling modifiers are constrained in the (expected) ranges
of 0.17 < oy < 1.84 (0.11 < Ky < 1.89) and —0.37 <
Koz < 2.38 (—0.54 < ky; < 2.54), respectively.

A two-dimensional likelihood scan in the x,y -k, plane
is also performed to derive constraints in that plane. The
observed (solid line) and expected (dashed line) exclusion

CMS 138 fb' (13 TeV)
L L B B L B B
¢SM --- Expected —1c ]
| Bestfit — Observed 26 |
50 |
4+ _
N 2| .
N -
“¢
0_ —
2+ -
o T R T B A
-4 -2 0 2 4 6

FIG. 4. Observed (solid) and expected (dashed) exclusion
regions corresponding to 1, 2, and 5 standard deviations (o),
as obtained from a likelihood scan in the two-dimensional
Kow-Kaz plane.

regions corresponding to 1, 2, and 5 standard deviations (o)
are shown in Fig. 4.

Tabulated results are provided in the HEPData record for
this analysis [59]. Additional details on the analysis
strategies and on the sensitivity achieved in individual
channels are provided in Supplemental Material [60].

In summary, the first study of VVH production through
vector-boson scattering is presented, using proton-proton
collision data recorded by the CMS experiment at the LHC
in 2016-2018, at /s = 13 TeV, corresponding to an
integrated luminosity of 138 fb~!. Selected events are
consistent with the presence of two jets originating from
VBS and an H decaying into a pair of b quarks, recon-
structed as a single large-radius jet. Final states with zero,
one, or two charged leptons arising from the decay of two
vector bosons are studied. The VBS VVH production is
excluded at 95% CL for values of the x,y, coupling modifier
outside the observed (expected) range of 0.40 < K,y <
1.60 (0.34 < Ky < 1.66), assuming all other H couplings
are equal to their values in the standard model. The results
represent one of the best constraints to date on kjy
using CMS data, complementing the results obtained
from searches for H pair production and laying the
foundation for future, similar studies. The x,y and k.
coupling modifiers are also constrained independently in
the observed (expected) ranges of 0.17 <k < 1.84
(0.11 < Kk < 1.89) and —0.37 < ko7 < 2.38 (—0.54 <
Koz < 2.54), respectively. A two-dimensional scan,
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determining exclusion regions in the x,y -k, plane, is also
provided, which largely improves on the constraints com-
ing from the CMS search for VHH production.
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End Matter

Event selection: This section details the event selec-
tions used in each channel before multivariate analyses are
performed. In the all-hadronic channels, events of interest
are collected using triggers based on Ht, with thresholds of
800 or 900 GeV for 2016 and 1050 GeV for 2017 and
2018. Events must contain at least two AKS jets with
pr > 300 GeV, and pr > 550 GeV for the leading one to
ensure full trigger efficiency. Two categories are defined to
distinguish fully and semiboosted events. In the fully
boosted channel, the H — bb candidate is selected as
the AKS8 jet with the highest X — bb ParticleNet score
(> 0.5), and the vector-boson candidates are selected as the
two highest pr remaining AKS jets with X — gg scores
> (0.3. In the semiboosted channel, exactly two AKS jets
are required. The H — bb candidate is selected as the AK8
jet with the highest X — bb score (> 0.8). One of the two
vector bosons is reconstructed as the other AKS8 jet in the
event, requiring an X — gg minimum score of 0.637,
0.579, and 0.59 for 2016, 2017, and 2018 data taking,
respectively. The second vector boson is reconstructed from
two AK4 jets (pr > 20 GeV, |n| < 2.5) chosen as the
closest pair in AR. Two AK4 VBS jet candidates are also
required. In the case of multiple pairs, the one with the
largest |Anj;| is selected as the VBS jet pair. The selection
criteria for the all-hadronic fully boosted and semiboosted
channels are summarized in Tables I and II, respectively.

In the single-lepton channel, single-lepton triggers
require isolated leptons with pp > 24 (27) GeV for muons
in 2016 and 2018 (2017) and pt > 27 (32) GeV for
electrons in 2016 (2017-2018). Events must contain
exactly one tight lepton with pt > 40 GeV and no addi-
tional loose leptons. Two AKS jets with pp > 250 GeV are
required. The H — bb candidate is reconstructed as the

TABLE 1. Selection criteria used in the all-hadronic fully
boosted channel. If selection criteria differ across years, they
are quoted as 2016/2017/2018.

Selection Description

Trigger Hr > 800 or 900/1050/1050 GeV
Loose lepton count =0

Tight lepton count =0

AKS jet threshold pr > 300 GeV

AKS jet count >2

Leading AKS jet pr > 550 GeV

H — bb candidate Max X — bb score AKS jet
X — bb score > 0.5
pr-leading AKS jets
X — qq score > 0.3

AK4 jet count for VBS >2

VBS jet candidates Max |An|

V — qq candidates

AKS jet with the highest X — bb ParticleNet score, while
the hadronic vector-boson candidate is the remaining AKS8
jet with the highest X — gq score. The VBS jets are chosen
as the highest-momentum jets in opposite # regions; if this
criterion fails, the two highest-momentum jets are selected.
Events with AK4 jets passing the tight DeepJet working
point are rejected. Jets passing the loose working point are
used to define my,, the minimum invariant mass of the
lepton and any b jet, used in the multivariate analysis to
suppress the 7 background. Furthermore, a selection is
applied on St > 1000 GeV. The selection criteria for the
single-lepton channel are summarized in Table III.

In the dilepton channels, single-lepton triggers are used
for OS WW events. These are used in combination with
dilepton triggers for OS Z events, with p thresholds of 17
and 8 GeV for muons and 23 and 12 GeV for electrons. In
OS WW events, electrons must have pp > 29(34) GeV in
2016 (2017-2018) and muons pp > 26(29) GeV in 2016
and 2018 (2017). The two leptons must be oppositely
charged and separated with AR > 0.5. A Z-boson mass
veto excludes events with 86 < my,, <96 GeV.
The H candidate is selected as the AKS8 jet with the
highest X — bb ParticleNet score, pp > 250 GeV, and
70 < mpy < 160 GeV. Events with AK4 jets passing the
Deeplet medium working point are rejected, and the
two jets with the largest |An| are selected as
VBS jet candidates. Events must have pTs > 100 and
St > 500 GeV. In OS Z events, the leading muons
(electrons) must have pp > 19(25) GeV and the sublead-
ing pp > 12(18) GeV. The leptons must be oppositely
charged, with 86 < m,, < 96 GeV. The H — bb candi-
date is selected as the AKS8 jet with pr > 250 GeV and
highest X — bb score (> 0.2), while the hadronically

TABLE II. Selection criteria used in the all-hadronic semi-
boosted channel. If the selection criteria differ across years, they
are quoted as 2016/2017/2018.

Selection Description

Trigger Hy > 800 or 900/1050/1050 GeV
Loose lepton count =0

Tight lepton count =0

AKS jet threshold pr > 300 GeV

AKS jet count =2

Leading AKS jet pr > 550 GeV

Max X — bb score AK8 jet
X — bb score > 0.8
Other AKS jet
X — gq score > 0.637/0.579/0.59
pr > 20 GeV, |n| < 2.5
>2

H — bb candidate
Boosted V — gg candidate

AK4 jet for V — ggq criteria
AK4 jet for V — gq count >
Resolved V — gg candidate Min AR
AK4 jet count for VBS >2

VBS jet candidates Max |An;|
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TABLE III.  Selection criteria used in the single-lepton channel.
If the selection criteria differ across years, they are quoted as
2016/2017/2018.

TABLE IV. Selection criteria in used the OS WW dilepton
channel. If the selection criteria differ across years, they are

quoted as 2016/2017/2018.

Selection Description Selection Description

Trigger Single muon py > 24/27/24 GeV Trigger Single muon py >
Single electron pp > 24/27/24 GeV

27/32/32 GeV Single electron

Sign and flavor of leptons et, u*t pr > 27/32/32 GeV

Loose lepton count =1 Sign and flavor of leptons ete™, utu, uteT

Tight lepton count =1 Loose lepton count =2

Tight lepton pr pr > 40 GeV Tight lepton count =2

AKS jet threshold pr > 250 GeV Lepton pr pr > 26/29/26 GeV (muons)

AKS jet count >2

H — bb candidate Max X — bb score AKS jet
V — gq candidate Max X — gq score AKS jet
AK4 jet count for VBS >2

VBS jet candidates Max momentum, opposite 7 sign
AK4 jet for b tagging criteria pr > 20 GeV, |n| <2.5
Tight b tagged jet count =0

Event kinematics St > 1000 GeV

decaying vector-boson candidate is the AKS8 jet with
pt > 200 GeV and highest X — gg score (> 0.6). The
invariant mass Myyy of the H — bb candidate, the
hadronically decaying vector-boson candidate and the lep-
ton pair, and St must both exceed 500 GeV. The VBS jet
pair is chosen based on the largest |A#;|, with the minimum
requirements of mj;; > 200 GeV and |Apnj;| > 2. Events
with AK4 jets passing the DeepJet medium working point
are rejected. The selection criteria used for OS dilepton
events are summarized in Tables IV and V for the OS WW
and OS Z channels, respectively.

The SS dilepton channel also uses mixed muon-electron
triggers, requiring a muon (electron) with pr >23(12) GeV
and an electron (muon) with pp > 23(8) GeV, besides the
single and dilepton triggers used in the OS dilepton
channel. Exactly two tight leptons are required, with no
additional loose leptons. Both leptons are required to have
pt > 30 GeV, allowing at most one hadronically decaying
7 lepton. At least one AKS jet with pt > 250 GeV and two
VBS jet candidates failing the medium DeeplJet working
point are required. If more than two VBS jet candidates are
found, the same selection as in the single-lepton channel is
applied. To suppress events that are not consistent with
VBS production, m;; > 100 GeV is required. The signal
region is defined by my > 500 GeV, |An;| >3, and
X — bb score > 0.9. A control region includes events
with m;; > 100 GeV that fail the mj; or An;; selections with
respect to the signal region, with no requirement on the
X — bb score of the selected AKS jet. The selection criteria
for the SS dilepton channel are summarized in Table VI.

Signal region definition: After the event selection, a
multivariate analysis is performed in all channels. In the all-
hadronic, single-lepton, and OS dilepton channels, an

Tight lepton separation
Z veto

AKS jet threshold
AKS jet count

H — bb candidate

AK4 jet count for VBS
VBS jet candidates

AK4 jet for b tagging criteria

Medium b tagged jet count
Missing transverse

pr > 29/34/34 GeV (electrons)

AR > 0.5

myp < 86 or > 96 GeV

pr > 250 GeV
>1

Max X — bb score AKS jet
70 < mpy < 160 GeV

>2
Max |An|

pr > 20 GeV, |n] <2.5

=0
priss > 100 GeV

momentum

Event kinematics St > 500 GeV

TABLE V. Selection criteria used in the OS Z dilepton channel.
If the selection criteria differ across years, they are quoted as
2016/2017/2018.

Selection Description

Single muon pt > 24/27/24 GeV
Single electron pt >
27/32/32 GeV
Dimuon pr > 17(8) GeV
Dielectron pp > 23(12) GeV

Trigger

Sign and flavor of leptons ete, utum
Loose lepton count =2
Tight lepton count =2

pr > 19(25) GeV muon (electron)
pr > 12(18) GeV muon (electron)

Leading lepton pp
Subleading lepton p

Z window 86 < myy < 96 GeV
AKS jet threshold pr > 250/200 GeV
AKS jet count >2

Max X — bb score AKS jet
X — bb score > 0.2
Other AKS jet
X — qq score > 0.6

AK4 jet count for VBS >2

H — bb candidate

Boosted V — ggq candidate

VBS jet candidates Max |An]
AK4 jet for b tagging criteria pr > 20 GeV, |n| <2.5

Medium b tagged jet count =0
Event kinematics St > 500 GeV
Myyy > 500 GeV
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TABLE VI. Selection criteria used in the SS dilepton channel. If the selection criteria differ across years, they are

quoted as 2016/2017/2018.

Selection

Description

Trigger

Sign and flavor of leptons
Loose lepton count

Tight lepton count

Lepton pr

AKS jet threshold

AKS jet count

H — bb candidate
Medium b tagged jet count
AK4 jet count for VBS
VBS jet candidates

Single muon pr > 24/27/24 GeV
Single electron pr > 27/32/32 GeV
Dimuon py > 17(8) GeV
Dielectron pr > 23(12) GeV
Electron (muon) py > 23(8) GeV
Muon (electron) pp > 23(12) GeV
etet, ptut, etut, ptet, etr

=2

pr > 30 GeV

pr > 250 GeV
>1

Max X — bb score AKS jet
=0
>2
Max momentum jets, opposite 7 sign

Signal region mj; > 500 GeV, |An;| > 3, X — bb score > 0.9 for H — bb candidate
Control region my; > 100 GeV, with m;; < 500 GeV or |An;| < 3

TABLE VII. Summary of the selections used to define the signal region, or region A, in the all-hadronic, single-lepton, and OS
dilepton channels. The selections on the AB axis and AC axis are inverted to define the regions B, C, and D. Additional selections on the
X — bb and X — qq scores are applied after the training to further improve the sensitivity of the search. For the all-hadronic fully
boosted channel, the selections on the X — gq score are applied on the pp-leading and -subleading vector-boson candidates.

All hadronic Dilepton
Fully boosted Semiboosted Single lepton oS ww oS Z
AC axis (VVH) DNN > 0.97 DNN > 0.8 DNN > 0.9 BDT > 0.85 BDT > 0.85
AB axis (VBS) |An;| > 5 |An;| > 6 BDT > 0.82 |An| > 4.9 |An;| > 4
X — bb score >0.8 >0.5 >0.7
X — qq score >(0.8/0.7 >0.7

TABLE VIII. Data yields in regions B, C, and D, used to estimate the background in region A, along with data, predicted background,
and expected signal in region A. Signal yields are shown for the SM and x,; = 2 benchmarks.

All hadronic Dilepton
Fully boosted Semiboosted Single lepton oS ww OS z
B data 1 410 3 2 1
C data 73 399 61 10 5
D data 654 15974 1039 179 17
A data 0 7 0 0 0
A prediction 0.1175:38 (stat) 10247078 (stat) 0.1870-5 (stat) 0.117538 (stat) 0.297031 (stat)
+0.03(syst) £1.95(syst) £0.06(syst) +0.02(syst) +0.21(syst)
A signal (kyy = 2) 3.30 £ 0.02(stat) 1.06 £ 0.01(stat) 2.79 £ 0.02(stat) 0.31 £ 0.01(stat) 0.22 £ (< 0.01)(stat)
+1.01(syst) +0.36(syst) +0.84(syst) +0.10(syst) +0.07(syst)
A signal (SM) 0.04 +0.01 0.01 + (< 0.01) 0.04 + 0.02 001+ (<001)  (<0.01)+ (< 0.01)
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TABLE IX. Data yields, predicted background, and expected signal in SR and CR of the same-sign dilepton channel.

Same-sign dilepton

¢ SR ¢ CR Zt SR ¢t CR
Data 4 39 3 49
Background 1.90 +0.33 27.90 + 3.67 3.46 £0.55 50.52 + 8.09

Signal (SM) 0.01 £ (< 0.01)

(< 0.01) £ (< 0.01)

(< 0.01) £ (< 0.01) (< 0.01) £ (< 0.01)

ABCD method [50] is used: the signal region, or region A,
is defined alongside orthogonal control regions B, C, and
D, used to predict the background in region A from data.
The selections used in each channel to define the signal
region, or region A, are summarized in Table VII. The “AC
axis” selection, relying on the properties of the VVH
system, is inverted to define the region C; the “AB axis”
selection, using the properties of the VBS jets, is inverted to
define the region B; both are inverted to define the region
D. Additional selections, depending on the channel, are
applied after the training of the discriminators to further
improve the sensitivity of the search and are common to the
regions A, B, C, and D. These selections are applied only
after the training in order to preserve the statistical power of
the simulated samples at training time. They are limited to
the ParticleNet X — bb and X — gq scores, which are
largely independent of the global event kinematic
properties.

In the SS dilepton channel, a BDT is also trained to
discriminate signal from background, and the signal region
is divided into three bins according to the BDT output score
([0, 0.1], [0.1, 0.25], [0.25, 1]).

Event yields: Table VIII shows the data yields in the
regions A, B, C, and D of the all-hadronic, single-lepton,
and OS dilepton channels, alongside the predicted back-
ground with its uncertainties, and the signal expected in
region A for the x,, = 2 and SM benchmark scenarios. The
background is predicted to be small in region A for all
channels, except for the all-hadronic semiboosted channel,
where the contribution of the QCD multijet background is
larger. Systematic uncertainties in the background predic-
tions are derived from closure tests in data. The systematic
uncertainties in the signal yields correspond to the sum in
quadrature of all the experimental and theoretical uncer-
tainties. The statistical uncertainties arise from the limited
size of the simulated samples for signal, and from the
amount of data in regions B, C, and D for the background.

Table IX shows the data yields and the predicted back-
ground in the signal (SR) and control regions (CR) of the
same-sign dilepton channel for the £7, where £ = e, u, and
the 7z categories, alongside the expected yields for the
benchmark SM signal. The total uncertainty in the back-
ground is shown, which accounts for both statistical and
systematic sources.
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