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1 Introduction

Since the discovery of the Higgs boson by the ATLAS and CMS Collaborations in 2012 [1-3],
various measurements of its interactions with Standard Model (SM) particles have been per-
formed. In particular, the interactions of the Higgs boson with the electroweak gauge bosons
and charged fermions of the SM have been established with coupling strengths consistent with
the SM predictions, and the main production modes of the Higgs boson have also been ob-
served [4-18]. In this note, we focus on the production of a W boson and a Higgs boson via
vector boson scattering (VBS). This is a rare SM process, with a cross section of 0.075 pb.

The scattering of massive vector bosons has been studied extensively at the LHC, including
WEW= scattering [19], WTW™ scattering [20], WZ scattering [19], and ZZ scattering [21].
These processes have a unique signature due to the presence of two final state quarks, which
manifest themselves as hadronic jets with a high rapidity gap, due to the lack of color flow
between the quark lines. However, the production of a W boson and Higgs boson via VBS
has not yet been observed. The same process can nevertheless be used to probe scenarios be-
yond the Standard Model (BSM). In particular, it allows for probing the relative sign of the of
the WH and ZH coupling modifiers, which are referred to as x}, and x; respectively in the
so-called x-framework [22]. This is because the electroweak production of WH + 2 jets can
proceed through multiple diagrams, such as the ones shown in Figure 1, where the interfer-
ence between these diagrams generates a term in the cross section that is linear in both x};, and
k7. Thus, assuming the expected SM magnitudes of x}y and x,, we present a search for WH

production via VBS targeting the exclusion of the BSM scenario where Ay, = %V = -1

Figure 1: Two Feynman diagrams for the production of WH via vector boson scattering.

Importantly, the cross section and kinematics of the final state change for such a BSM scenario,
with the Higgs and vector bosons receiving a significant boost [23]. The Higgs candidate is
thus reconstructed using a single large-cone jet is used in the BSM search. The decay products
of the W boson also receive a boost, so the analysis selects for a single, high-pr lepton and
larger missing transverse energy from the neutrino. This final states is referred to as “boosted
topology” in order to distinguish it from the base where the Higgs is reconstructed as two
individual jets (the “resolved topology”). Moreover, the search described in this note is fully
cut-based and uses a data-driven background estimate. This simple strategy is sufficient to
exclude Ay < 0 scenarios without further optimization.
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2 The 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 coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side 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 Ref. [24].

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 about 4 us [25]. 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 [26].

3 Simulated samples

Signal and background processes are simulated with several Monte Carlo (MC) event genera-
tors, while the CMS detector response is modeled with GEANT4 [27].

The MC simulation of pp — W*H + jj was generated at leading order (LO) using the MAD-
GRAPH5_aMC@NLO generator [28] with a modified version of the Standard Model MADGRAPH
model, where xyy = —1 and x; = +1 in order to test Ayyy = —1. The W and H bosons are
decayed inclusively, and parton showers are handled by PYTHIA (version 8) with the CP5 tune
[29]. Standard MADGRAPH phase space cuts are also applied, but two cuts are specifically
tightened for generating this signal process. In particular, the pseudorapidity of any jet is re-
quired to be less than 6.5 and the invariant mass of any two jets is required to be larger than
100 GeV. The analysis has been specifically optimized for this signal sample.

In addition, a set of signal samples were generated using the reweighting feature of MAD-
GRAPH5_aMC@NLO such that the values of «y and x; could be varied in a two-dimensional
scan. The reweighting for 625 total points was performed using (kyw = —1,k, = +1) as a
central point. These samples are generated using the same version and settings of PYTHIA as
the (kyy = —1,ky = +1) sample.

The main source of background to this analysis is tf production-in particular for the boosted
analysis, where one of the top decays leptonically and one of b jets can fake a boosted Higgs
candidate. The tf background is generated at next-to-leading-order (NLO) accuracy in pertur-
bative QCD with the POWHEG v2 program [30].

Other sizeable background sources are the single top production, the W+jets production and

the diboson production. Diboson background events are generated with MADGRAPH5_aMC@NLO

(v2.4.2) [28] at NLO with the FxFx merging scheme [31] and up to two additional partons, or
with POWHEG v2.0 [32-35]. MADGRAPH5_aMC@NLO (v2.4.2) is used at LO accuracy with the
MLM matching scheme [36] to generate W+jets events. Z+jets events generated with the same
settings are added to background simulation, but don’t contribute significantly in the analysis
phase space. The single top production processes in the tW and t channels are generated to
NLO accuracy with POWHEG v2.0 [32-35].
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Minor backgrounds include the already mentioned Z+jets process, the production of ¢f + one or
two bosons, including the Higgs boson, EWK production of a W or Z boson, triboson produc-
tion, and the production of a Higgs bosons in the VH channel. The contributions from the ttZ,
ttW processes are simulated using the MADGRAPH5_aMC@NLO generator at NLO precision
in QCD. Contributions from the ttWW, ttZZ are generated using MADGRAPH5_ aMC@NLO
(v2.4.2) at LO accuracy interfaced with PYTHIA. The ttbb background is generated using POWHEG
(openLoops) interfaced with PYTHIA. POWHEG v2.0 [37-39] at NLO precision in QCD.

The EWK production of a Z or a W boson + jets (predominantly VBF production of a W or Z
boson) are generated at LO using the MADGRAPH5_aMC@NLO v2.6.5 generator.

The VH production is generated at next-to-leading order (NLO) QCD accuracy using the POWHEG v2.0
[32-35] event generator extended with the MiNLO procedure for the quark initiated ZH and

WH processes, while the gluon-induced ZH process is generated at leading order (LO) accu-

racy POWHEG v2.0 [32-35].

Residual processes as the EWK VV production, generated with MADGRAPH, and the VVV
prodcution, generated with MADGRAPH5_aMC@NLO, are added to the simulated samples.

The simulated events at the ME level for both signal and background processes, except for the
EWK V production, are interfaced with PYTHIA v8.2.2 or higher [40] to simulate the shower
and hadronization of partons in the initial and final states, along with the underlying event
description. The CP5 tune [29] is used everywhere. Simulated VBF signal events are interfaced
with PYTHIA but, rather than the standard pr-ordered parton shower, the dipole shower is
chosen to model the ISR and FSR [41].

The NNPDF v3.1 NNLO parton distribution functions (PDFs) are used [42, 43].

For all samples, simulated pileup interactions are added to the hard-scattering process with
multiplicity distributions matched to the data-taking year pileup profile.
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4 Event reconstruction

The particle-flow algorithm [44] 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. The energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energies.

Hadronic jets are reconstructed from particle-flow objects using the anti-kT clustering algo-
rithm [45] implemented in the FASTJET package [46, 47], with distance parameter 0.4 or 0.8.
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 p spectrum and detector acceptance. Additional proton-proton interactions within the
same or nearby bunch crossings can contribute additional tracks and calorimetric energy de-
positions, increasing the apparent jet momentum. To mitigate this effect, tracks identified to be
originating from pileup vertices are discarded and an offset correction is applied to correct for
remaining contributions. Jet energy corrections are derived from simulation studies so that the
average measured energy of jets becomes identical to that of particle level jets. In situ measure-
ments of the momentum balance in dijet, photon + jet, Z 4+ jet, and multijet events are used to
determine any residual differences between the jet energy scale in data and in simulation, and
appropriate corrections are made [48]. Additional selection criteria are applied to each jet to
remove jets potentially dominated by instrumental effects or reconstruction failures.

The missing transverse momentum vector 7 is computed as the negative vector py sum of
all the PF candidates in an event, and its magnitude is denoted as pi* [49]. The corrections
to the energy scale of the reconstructed jets in the event are propagated to the p™s. Events
with anomalously high-p™i can arise from a variety of reconstruction failures, detector mal-
functions, or non-collision backgrounds. Such events are rejected by dedicated event filters
[49].

Primary vertices are reconstructed from charged-particle tracks in the event. The candidate
vertex with the largest value of the sum of the p% of all associated physics objects is taken to
be the primary pp interaction vertex. In this sum, the physics objects are the jets, clustered
using the jet finding algorithm with the tracks assigned to candidate vertices as inputs, and the
associated pTiss [50].

The Higgs boson candidates are reconstructed as single large cone jets, which contain both
the b quarks from the Higgs decay. The analysis makes use of the mass-decorrelated X —
bb ParticleNet tagger [51], which combines NN components of the fatjets via a graph neural
network. Additional jets originating from the hadronization of b quarks are identified using a
deep neural network (DeepJet) that takes the following as input: neutral, charged particles in
the jet cone, secondary vertices associated to the jet, and jet kinematic variables [52].

Muon candidates, within the geometrical acceptance of the muon detectors (|r7| < 2.4), are
reconstructed by combining the information from the silicon tracker and the muon chambers
[53]. The muon candidate are also required to satisfy a set of quality criteria based on the num-
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ber of hits measured in the silicon tracker and in the muon system, the properties of the muon
track, and the impact parameters of the track with respect to the primary vertex of the event.
Electron candidates within |57| < 2.5 are reconstructed by associating fitted tracks in the silicon
tracker with electromagnetic energy clusters in the ECAL [54]. Electron candidates are required
to satisfy identification criteria based on the shower shape of the energy deposit, the matching
of the electron track to the ECAL energy cluster, the relative amount of energy deposited in
the HCAL detector, and the consistency of the electron track with the primary vertex. Electron
candidates in the transition region between the ECAL barrel and endcaps, 1.44 < || < 1.57,
are discarded, due to the suboptimal detector performance. Electron candidates identified as
coming from photon conversions in the detector are also rejected.

Identified muons and electrons are required to be isolated from hadronic activity in the event.
The isolation sum is defined by summing the pt of all the PF candidates in a cone of radius
AR = \/An? + A¢p? = 0.4 (0.3) around the muon (electron) track, where ¢ is the azimuthal angle
in radians, and is corrected for the contribution of neutral particles from pileup interactions
[53, 54].

5 Event selection and search strategy

The boosted VBS WH signature provides a number of signal-to-background discrimination
handles. First, the scattered quarks have a characteristically large separation in psuedorapidity,

|A17]-]- |, as well as a large combined invariant mass, M;;. In addition, when Ay 7 = %V <0, the W

and H receive a significant boost, such that the H — bb decay products are reconstructed as a
merged ‘fat’ jet with a AR distance parameter of 0.8. Because background processes rarely have
boosted X — bb fat jets, and more rarely H — bb fat jets, the boosted Higgs alone serves as
a distinguishing characteristic of the BSM VBS WH signal. Moreover, a graph neural network
referred to as 'ParticleNet” has been trained to efficiently classify fat jets as having coming from
particular hadronic decays of boosted particles reconstructed as single fat jets. The boosted
Higgs can therefore be identified with the mass-decorrelated X — bb ParticleNet tagger (Xbb)
in combination with a selection on the softdrop mass Mgp, the mass of the fat jet corrected
with PUPPI, of the Higgs fat jet candidate. Finally, the boost in both the W and W is accessed
together via the variable St, defined as follows:

St = pr(f) + E®5 4 pr(H — bb fatjet) (1)

To start, events considered for the boosted topology are required to contain at least one fat
jet that does not overlap with the lepton selected using the shared criteria described in the
previous section, where fat jet and any other object are considered as overlapping if AR =
\/ A¢p? + An? between them is less than 0.8. These fat jets are then required to be within the
tracker acceptance |r7| < 2.5, have pr > 300GeV, and have M > 50GeV and Mgp > 40GeV,
where M is the invariant mass taken from the reconstructed fat jet four-momentum. The fat jet
with the highest Xbb score is taken as the boosted Higgs boson candidate. The scattered quarks
are selected last, using the shared criteria described in the previous section with the additional
requirement that they do not overlap with the boosted Higgs candidate.

A “Preselection” is defined to capture all of the events considered for the BSM analysis. These
criteria build on the object-level selections just described, but applies more stringent selections
on each object — one lepton, two jets, and one fat jet — to narrow in on a signal-like phase space.
First, the combined invariant mass M; of the two scattered quarks is required to be larger
than 500 GeV. Next, the ParticleNet Xbb score of the boosted Higgs cnadidate is required to



184
185
186
187

188
189
190
191
192
193
194

195

196

197

198

200
201
202
203
204
205

206
207
208

be greater than 0.3. The event is also required to have no jets passing the Medium DeepJet
working point. The event must furthermore have no additional leptons passing a looser set of
identification criteria than the lepton considered to be coming from the W decay. Finally, the
event must have St > 800 GeV.

A set of selections are made on the handles described above towards defining a signal region
in which VBS WH (where Ay, < 0) could easily be distinguished from background processes
when measured in data. The signal region is therefore defined on top of the Preselection with
similar, but tighter selections. First, the St threshold is increased to St > 900 GeV. Then, the
selections on the VBS jet variables are tightened to M;; > 600 GeV and |Ar;| > 4. Finally, the
selections on the boosted Higgs candidate are made much more strict, where the ParticleNet
Xbb score is required to be greater than 0.9 and Mg, is required to be less than 150 GeV.

6 Background estimation

The background in the signal region is estimated using the “ABCD” method as follows. First,
let the background yield in regions A, B, C, and D in Monte Carlo be defined as A;c, By, Caucs
and D¢, where Region D is the signal region and Regions A, B, and C are neighboring regions
where the Aijjj cut, the Mgp cut, or both are inverted. Likewise, let the the same yields in data
be defined as A1, Biatar Caatar and Dyyp,. Under these definitions, the estimated background

yield in Region D, which will be referred to as Dggfg, can be computed with data as follows:

pred
D data

)

= Cdata X

where the same can be done in MC, yielding Dﬁecd, such that the closure of the method can be

measured. In doing this, it becomes clear that Ay and Mgp have a minor correlation in the
background, leading to a systematic over-prediction taken as the systematic uncertainty on the
method. However, because this correlation is well-modeled in Monte Carlo, a correction factor
is also derived to correct the method when applied to data, such that the final prediction (Fig. 2)

is given by N b e
data MC MC
X 3)
Bjata ( Apc/ Bmc >

The original non-closure of the method in MC is taken as the systematic uncertainty on the
method.

pred
D data

= Cdata X

7 Systematic uncertainties

Because the background in the signal yield is estimated from data for the merged analysis,
the systematic uncertainty on the yield corresponds only to the systematic error of the ABCD
method. The systematic uncertainty on the method itself has already been described. However,
an additional systematic error is added to account for the uncertainty in the W+jets and diboson
background compositions and how they impact the method. This is obtained by varying each
background up and down by a factor of two and taking the largest difference in the estimation
as the error. Thus, a total systematic uncertainty on the ABCD method of 13% is obtained.

An extensive set of systematics (ranging from 1% to 18%) is derived for the signal yield in
the boosted signal region because it is taken directly from MC. Systematic errors on the renor-
malization and factorization scales (yr and pp), PDF, and various experimental scale factors
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Figure 2: Data/MC comparison for the softdrop mass of the AKS jet selected as Higgs boson
candidate, in the regions used in the background estimate. In the signal regions, the blue
markers show the background yield predicted from data.

are obtained by varying each individually by one standard deviation and taking the maximal
difference in yield as the error. Notably, the corrections and uncertainty for the ParticleNet
X — bb discriminator distribution shape are computed using a tool originally developed for
another analysis, but repurposed for general use. This tool uses a Boosted Decision Tree (BDT)
to select suitable proxy jets from collision data to measure the efficiency of a given ParticleNet
tagger. Ultimately, the leading systematic uncertainty (18%) on the signal yield in the boosted
analysis comes from the uncertainty on the factorization scale iz, while the next leading is the
uncertainty on the efficiency of ParticleNet (6%).

8 Results

The signal yield in the signal region is varied using the MadGraph reweighting scheme, such
that many «y, k, points can be explored. This yields a two-dimensional exclusion of each of
these points with a signal strength of 1. The significance ¢ of each exclusion is plotted on the
z-axis of a two-dimensional (xy, xz) histogram. Because only a limited number (625 total) of
reweighted points could be generated in a reasonable timeframe, the histogram is interpolated
(Fig. 3) from the original histogram which had half as many bins, each centered on one of the
scanned points.

9 Summary

In this note we have reported the first study of the process electroweak WH production using
data collected by the CMS detector at the LHC. In total, 138 fb~! of data collected between
2016 and 2018 with a center-of-mass energy of 13 TeV were analyzed. Events were selected by
requiring exactly one isolated charged lepton, missing transverse momentum, two jets consis-
tent with a vector boson scattering interaction, and an additional large-cone jet consistent with
the boosted Higgs boson decay to bb. Scenarios where Ay < 0 allowed by current limits are
excluded at the 95% confidence level.



CMS preliminary 138 fb! (13 TeV)

Figure 3: A 2D scan of the xy, k7 plane is plotted as a two-dimensional histogram, with the
exclusion significance on the z-axis. The expected 1,2,5 ¢ exclusion contours are shown. The
current best limits |xy | = 1.02 £ 0.08 and || = 1.04 £ 0.07 are plotted as capped error bars.
Opposite-sign xyy, k7 scenarios are excluded.
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