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Abstract

A study of the electroweak-induced production of a W boson and a Higgs boson
is presented. The data collected by the CMS experiment in 2016-2018 from proton-
proton collisions at a centre-of-mass energy of 13 TeV are used, corresponding to an
integrated luminosity of 138 fb~!. Selected events target the leptonic decay of the W
boson and the decay of the Higgs boson to bb. In particular, beyond standard model
(BSM) Higgs couplings are considered, such that the Higgs boson decay products are
boosted and thus reconstructed as a single large-cone jet. Limits are set on the param-
eters that scale the Higgs couplings to the W and Z bosons in the x framework. The
BSM scenario where Ay, = xy/xz; = —1is excluded at a confidence level (CL) larger
than 99.99%, with an expected and observed significance beyond 5 ¢. The hypotheses
where the x and x;, parameters are compatible with the current measurements and
have different signs are similarly excluded at a CL larger than 99.99%.
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1. Introduction 1

1 Introduction

Since the discovery of the Higgs (H) 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 document, 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 predicted by
MADGRAPH (v2.6.1) at leading order (LO) of perturbative quantum chromodynamics (QCD).
Nevertheless, it can be used to probe physics scenarios beyond the standard model (BSM). In
particular, it allows for probing the relative sign of the of the WH and ZH couplings, whose
multiplicative modifiers with respect to the SM are referred to as xy and «, respectively in the
so-called x-framework [19]. This is because the electroweak (EW) production of WH + 2 jets can
proceed through multiple diagrams, such as the ones shown in Fig. 1, where the interference
between these diagrams generates a term in the cross section that is linear in both the WH
and ZH couplings. Thus, assuming the expected SM magnitudes of xy and x, we present a
search for WH production via VBS targeting the BSM scenario where Ay, = kyw/xz; = —1.
Additionally, we perform a scan in the xy and x, two-dimensional plane in order to exclude
the opposite-sign (A7 < 0) scenarios compatible with the current measurements.

q

Figure 1: Feynman diagrams for the production of WH — fvbb via VBS.

The cross section and kinematics of the final state change for Ay < 0, where the Higgs boson
and W boson both receive a significant Lorentz boost [20]. We specifically target the leptonic
decay of the W boson and the decay of the Higgs boson to bb. Due to the boost, the Higgs
boson candidate can be reconstructed as a single large-cone jet. Since the decay products of the
W boson also receive a boost, the analysis selects for one isolated high-pt lepton and missing
transverse momentum from the neutrino. The search described in this document is based on
data from proton-proton (pp) collisions, at a center-of-mass energy of 13 TeV. The data were
collected with the CMS experiment at the LHC from 2016 to 2018, corresponding to an inte-
grated luminosity of 138 fb~!. As mentioned in Ref. [20], the exclusion of Ay, < 0 scenarios
is relevant to models with higher isospin representations [21], such as the Georgi-Machacek
model [22].

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. [23].

Events of interest are selected using a two-tiered trigger system. The first level, 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 [24]. 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 [25].

3 Simulated samples

Signal and background processes are simulated with several Monte Carlo (MC) event gener-
ators, while the CMS detector response is modeled with GEANT4 [26]. The background MC
samples listed below are only used to optimize the event selection, as the final background
estimation is solely derived from data.

The MC simulation of pp — W*H +jj is generated at leading order (LO) using the MAD-
GRAPH5_.aMC@NLO (v2.4.2) generator [27] with a modified version of the SM MADGRAPH
model, where xyy, = —1 and x; = +1 in order to test Ayy; = —1. The decay of the bosons are
modeled using PYTHIA (v8.2.2) [28], considering all decay modes of the W boson and only the
bb final state of the H boson. Two MADGRAPH phase space cuts are applied: the pseudorapid-
ity of any jet is required 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 matrix element reweighting fea-
ture of MADGRAPH5_aMC@NLO [29] such that the values of «y, and x, could be varied in a
two-dimensional scan. The reweighting is performed for 625 points using («ky = —1,x, = +1)
as a central point and varying the two coupling modifiers in the range [—2,2]. These samples
are generated using the same version and settings of PYTHIA as the (xy = —1, kyy = +1) sam-
ple. Despite the analysis being specifically optimized for Ay, = —1, it remains valid also for
the majority of the BSM points, due to the analogous kinematics.

The main source of background to this analysis is the tt production, where one of the top quarks
decays leptonically and one of b jets is mis-reconstructed as a boosted Higgs candidate. The
tt background [30] is generated at next-to-leading-order (NLO) accuracy in perturbative QCD
with the POWHEG (v2.0.0) program [31-33].

Other sizeable background sources are the single top production, the W+jets production and
the diboson production. Diboson events are generated with MADGRAPH5_aMC@NLO at NLO
+ next-to-next-to-leading logarithmic (NNLL) accuracy with the FxFx merging scheme [34] and
up to two additional partons, or with POWHEG to NLO accuracy. MADGRAPH5_aMC@NLO is
used at LO accuracy with the MLM matching scheme [35] to generate W+jets events. Z+jets
events are generated with the same settings, although their contribution is rather small after the
analysis selection. The single top production processes in the tW and t channels are generated
to NLO accuracy with POWHEG.

Minor backgrounds include the production of tt + one or two bosons, including the Higgs bo-
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son, electroweak (EW) production of a W or Z boson, triboson production, and the production
of a Higgs bosons in the VH (V=W /Z boson) channel. The contributions from the ttZ and
ttW processes are simulated using the MADGRAPH5_aMC@NLO generator at NLO precision in
QCD. Contributions from the ttWW and ttZZ are generated using MADGRAPH5_ aMC@NLO at
LO accuracy interfaced with PYTHIA. The ttbb background is generated using POWHEG (open-
Loops) at NLO precision in QCD interfaced with PYTHIA. The EW production of a Z or a W
boson + jets, predominantly vector boson fusion production of a W or Z boson, are generated at
LO using the MADGRAPH5_aMC@NLO (v2.6.5) generator. Additionally, dedicated EW diboson
+ additional jets production simulated with Madgraph at LO and triple boson production sim-
ulated with MADGRAPH5_aMC@NLO at NLO are considered. The VH production is generated
at NLO QCD accuracy using the POWHEG event generator extended with the MiNLO proce-
dure for the quark initiated ZH and WH processes [36], while the gluon-induced ZH process is
generated at LO accuracy using the POWHEG generator.

The simulated events at the matrix-element level for background processes, except for the EW
V production, are interfaced with PYTHIA v8.2.2 or higher to simulate the shower and hadron-
ization of partons in the initial and final states, along with the underlying event description.
Simulated VBS signal and EW V production events are interfaced with PYTHIA but, rather
than the standard pr-ordered parton shower, the dipole shower is chosen to model the initial-
state radiation (ISR) and final-state radiation (FSR) [37]. The CP5 tune [38] for PYTHIA and the
NNPDF v3.1 NNLO parton distribution functions (PDFs) [39, 40] are used for all the simulated
samples. Additional pp interactions in the same and nearby bunch crossings, referred to as
pileup, are also simulated. The distribution of the number of pileup interactions in the simu-
lation is adjusted to match the one observed in the data, with an average pileup of about 34
interactions per bunch crossing.

4 Event reconstruction

The event reconstruction is handled by the particle-flow (PF) algorithm [41], which 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 reconstructed particles, re-
ferred to as PF candidates, are classified into electrons, muons, photons, charged hadrons, and
neutral hadrons. The proton-proton (pp) interaction vertices are reconstructed using tracks.
The primary vertex 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. [42]. All
other vertices are identintified as pileup vertices. Charged PF candidates are associated with
pp interaction vertices using their associated tracks.

Muon candidates are reconstructed within the geometrical acceptance of the muon detectors
(7] < 2.4) by combining the information from the silicon tracker and the muon chambers [43].
The muon candidates are also required to satisfy a set of quality criteria based on the number
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 || < 2.5 are reconstructed by associating fitted tracks in the silicon
tracker with electromagnetic energy clusters in the ECAL [44]. 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 < |5| < 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¢? = 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 [43,
44].

Hadronic jets are reconstructed from PF candidates using the anti-kT clustering algorithm [45]
implemented in the FASTJET package [46, 47], with distance parameter 0.4 or 0.8, defined as
AK4 or AKS jets. The jet momentum is determined as the vectorial sum of all particle momenta
in the jet, and is found from simulation to be, on average, within 5-10% of the true momentum
over the whole p spectrum and detector acceptance. Pileup interactions may contribute addi-
tional tracks and calorimetric energy depositions, 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 de-
rived from simulation studies so that the average measured energy of jets becomes identical to
that of particle level jets. In situ measurements of the momentum balance in dijet, photon + jet,
Z + jet, and multijet events are used to determine any residual differences between the jet en-
ergy 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 [46].

The Higgs boson candidates are reconstructed as single large-cone jets, which contain both of
the b quarks from the Higgs boson decay. The analysis makes use of the mass-decorrelated
X — bb ParticleNet tagger [49], a graph neural network that uses the components of a large-
cone jet to classify it as having originated from the decay of a boosted particle to bb. The
analysis relies also on the ability reconstruct the Higgs boson candidate mass. The soft-drop
(SD) algorithm [50] with angular exponent 8 = 0 and soft radiation fraction z = 0.1, also known
as the modified mass-drop algorithm [51], is applied to the Higgs boson jet candidate to remove
soft and wide-angle radiation. The pileup per particle identification algorithm [52] is used to
mitigate the pileup effects on the softdrop mass.

Additional AK4 jets originating from the hadronization of b quarks are identified using a deep
neural network (DeepJet) based on properties such as the presence of secondary vertices and
the kinematics of the jets and their constituents [53].

The missing transverse momentum vector ﬁ%‘iss is computed as the negative vector pr sum of

all the PF candidates in an event, and its magnitude is denoted as p%‘iss [54]. The corrections to
the energy scale of the reconstructed jets in the event are propagated to the pS. Events with
anomalously high-p™i*s can arise from a variety of reconstruction failures, detector malfunc-
tions, or non-collision backgrounds. Such events are rejected by dedicated event filters [54].

5 Event selection and search strategy

The boosted VBS WH production provides a clean signature to reduce the contributions from
background processes. Together with those features, the relatively large signal cross section for
BSM scenarios allows for a simple analysis strategy. Since only leptonic W boson decays are
considered, the selection criteria of online HLT triggers require the presence of one isolated lep-
ton, electron or muon, with high p. The H boson Lorentz boost allows for the reconstruction
of the H — bb candidate as a single large-cone or AKS jet, with a clustering distance AR of 0.8.
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The boosted Higgs boson can therefore be identified with the mass-decorrelated X — bb Par-
ticleNet tagger (Xbb) in combination with a selection on the its softdrop mass Mgp. The boost
in the W and H boson systems is exploited together via the variable St, defined as follows:

St = pr(€) + pF™* + pr(H — bb jet). 1)

Finally, signal events are expected to exhibit a typical VBS signature, with a large rapidity
separation between the scattered quarks.

Single-lepton triggers are used to select events, where the leptons are required to be isolated
from other PF objects. The single-muon trigger requires py > 24(27) GeV in the 2016, 2018
(2017) data taking years, while the single-electron trigger requires pr > 27(32) GeV in the
2016 (2017, 2018) data taking years. Events selected under each trigger are then required to
contain respectively a muon with pr > 26 or 30 GeV or an electron pr with pr > 30 or 35 GeV
depending on the data-taking year. No additional leptons passing a looser set of identification
criteria than the lepton considered to be coming from the W boson decay are allowed.

Events considered in this analysis are required to contain at least one AKS8 jet that does not
overlap with the selected lepton, where an AKS jet and any other object are considered as
overlapping if AR = /A¢? + Ay? between them is less than 0.8. These AKS jets are then
required to be within the tracker acceptance |7| < 2.5, have pp > 300GeV, and have a mass
M > 50GeV and Mg, > 40 GeV, where M is the mass component of the AKS jet four-vector,
or ungroomed mass. Among the AKS jets that pass these criteria, the AKS8 jet with the highest
Xbb score is taken as the boosted Higgs boson candidate. The VBS jet candidates are then
selected. The event must have at least two AK4 jets that do not overlap with the lepton and
Higgs boson candidate. These AK4 jets must also have pr > 30GeV and || < 4.7 to be
considered in this analysis. If there are exactly two such jets, they are taken as the VBS quark
candidates. However, if there are more than two, then the following prescription is applied.
First, the jets are split by whether they are located in the positive or negative 7-hemisphere, then
sorted by the magnitude of their respective three-momenta. If two of the jets are in different
n-hemispheres, the leading jet from each 1-hemisphere is selected. Otherwise, the two jets with
the largest three-momenta are taken as the VBS candidates.

After the basic event features are identified, stricter criteria are applied to define a phase space
suitable for the signal region optimization and the background estimation. Specifically, the VBS
jets invariant mass M;; is required to be larger than 600 GeV and the ParticleNet Xbb score of
the Higgs boson candidate is required to be larger than 0.9. The event is also required to have
no extra jets passing the Medium DeepJet working point. Finally, St is required to be larger
than 900 GeV.

The signal region selection uses Mgp < 150 GeV to better isolate the Higgs boson candidate,
and ]Aiy]-j | > 4 to select more VBS-like events, where Anj is the difference in pseudorapidity be-
tween the VBS candidates. These two variables are independent to a large extent and allow for
an estimation of the overall background from data. The main selection criteria are summarized
in Table 1.

6 Background estimation

The background in the signal region is estimated using the “ABCD” method as follows. First,
let the background yield taken from the Monte Carlo simulation in regions A, B, C, and D
simulation be defined as A,;c, Byic, Caic, and Dy, where region D is the signal region and
regions A, B, and C are neighboring regions where the Az; requirement, the Mgp requirement,



Selection Description
Trigger Single lepton or sigle muon trigger
Lepton selection 1 isolated lepton with pr larger than the trigger threshold,

and no additional leptons
Higgs boson candidate 1 AKS8 jet with |f| <25, pr>300GeV, M > 50GeV,
Mgp > 40 GeV, highest ParticleNet Xbb score

VBS jets candidates 2jets with || < 4.7, pr > 30GeV, chosen as the largest mo-
mentum jets in each 77-hemisphere

b-jet veto no jets with || < 2.5, pr > 30GeV, passing the Medium
Deep]Jet working point
Signal region M;j; > 600GeV, St > 900 GeV, ParticleNet Xbb > 0.9 for the

Higgs candidate, |Ar;| > 4, Mgp < 150 GeV

Table 1: Summary of selections for the signal region.

or both are inverted. Likewise, let the the same yields in data be defined as A,,;,, Bysrar Caatar
and D,;,. Under these definitions, the estimated background yield in region D, which will be

referred to as Dg;fg, can be computed with data as follows:

D pred

data — Ciata X

)

where the same can be performed in MC, yielding Dﬁéd. The goodness of the prediction can

then be quantified by comparing Df\’fcd with the MC estimate in the signal region D,,c. This
method works if the variables defining the ABCD plane are uncorrelated, but An; and Mgp
have a minor correlation in the background, leading to a systematic over-prediction. However,
because this correlation is well-modeled in simulation, a correction factor is also derived to
correct the method when applied to data, such that the final prediction (Fig. 2) is given by

Aduta > <DMC/CMC>.
Bdata AMC/BMC

The original non-closure of the method in MC can be taken as the systematic uncertainty in
the method. Fig. 2 shows that the regions have different background compositions, so it is
appropriate to extend the systematic uncertainty in the ABCD method to cover the uncertainty
in the background composition. This is done by varying the sub-leading backgrounds within
uncertainty, representing scenarios in which the contributions from each background are larger
or smaller, and recalculating the closure of the method. Based on how the closure varies for
each scenario, a final systematic of 13% is selected to cover the uncertainty in the background
composition.

D pred

data = Cdata X

®)

7 Systematic uncertainties

Since the background estimation is estimated from data, the systematic uncertainty in the yield
corresponds only to the systematic uncertainty of the ABCD method (13%) described in the
previous section. However, an extensive set of systematic uncertainties (ranging from 1% to
18%) is derived for the signal yield in the signal region, since the yield is evaluted from simula-
tion. Among the various systematic uncertainty sources we consider theoretical uncertainties,
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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. Regions D and A, which both have
|An;| > 4, are plotted on the left. Regions C and B, which both have [Ar;| < 4, are plotted on
the right. In the signal region, region D, the blue markers show the background yield predicted
from data. The small contributions from VH production, tt + X (X = H, W, Z, bE,jets), and
EW production of a leptonically decaying W are merged into a single category labeled “Other.”

namely the renormalization and factorization scales (yz and yr) uncertainty, the parton dis-
tribution functions (PDFs) uncertainty, the ISR and FSR uncertainty, and experimental uncer-
tainties including the lepton calibration, the jet energy scale and resolution uncertainties, the
ParticleNet X — bb tagger efficiency uncertainty and the integrated luminosity measurement
[65-57]. The leading systematic uncertainty (18%) on the signal yield comes from the uncer-
tainty in the factorization scale ug, while the next leading is the uncertainty in the efficiency of
ParticleNet (6%).

8 Results

Results are obtained from a maximum likelihood fit of the signal and predicted background
yield in the signal region to the data yield, as tabulated in Table 2. The statistical and systematic
uncertainties in the signal and predicted background are treated as nuisance parameters in
the fit. The exclusion significance (¢) and confidence level (CL) are extracted following the
procedure described in Section 3.2 of Ref. [58]. We find that the BSM scenario where Ay, =
kw/kz = —1 can be excluded at a CL higher than 99.99%, with an expected and observed
significance beyond 5.

An analogous fit is performed after varying the expected signal yield in the signal region for
each point the 2D k-« plane. The significance ¢ of the exclusion for each point is plotted on
the z-axis of a two-dimensional (xyy, k) histogram. As shown in Fig. 3, all of the opposite sign
scenarios with xy and x values compatible with the current measurements are excluded with
a CL higher than 99.99%.



Type Yield + stat. + syst.

Signal 366 + 29 £+ 681

Background 108 £+ 144 <+ 138
Observed 130

Table 2: The background yield estimated from data and signal yield predicted by MC simu-
lation in the signal region are tabulated with their associated statistical and pre-fit systematic
uncertainties. The systematic uncertainty for signal quoted here is the sum in quadrature of all
of the independent systematics multiplied by the total yield. The observed data yield is also
tabulated.

CMS preliminary 138 fb~" (13 TeV)

CMS limit
9 Bl <99.99% CL (50) obs.

-0.5 0.0 0.5 1.0 15 2.0
Kw

Figure 3: Exclusion significance in the 2D xy-x; plane. The observed and expected 2¢ and 5¢
exclusion contours are shown. The 2¢ and 5 ¢ contours are given by —2Alog L less than 6.18
and 28.7 respectively. The current best limits |«y | = 1.02 £ 0.08 and |x| = 1.04 £ 0.07 are also
plotted [59]. Opposite-sign k-« (or negative A7) scenarios are excluded at an expected and
observed significance beyond 5.

9 Summary

In this document, we have reported the first study of electroweak WH production using data
recorded with the CMS detector at the LHC. We focused on the BSM scenario where Ay, =

kw/%kz = —1 and extended the search to a grid in xy-x; phase space. In total, 138 b~ ! 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 consistent with a vector boson scattering interaction, and an additional large-cone jet
consistent with the boosted Higgs boson decay to bb. The BSM scenario where Ay, = —1is
excluded at a confidence level (CL) higher than 99.99%, with an expected and observed signif-
icance beyond 5 ¢. Similarly, all the opposite sign scenarios with xy, and «; values compatible
with the current measurements are excluded with a CL higher than 99.99%.
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