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ABSTRACT

Evidence is reported for electroweak (EW) vector boson scattering in the decay channel £vqq of two
weak vector bosons WV (V=W or Z), produced in association with two parton jets. The search uses
a data set of proton-proton collisions at 13TeV collected with the CMS detector during 2016-2018
with an integrated luminosity of 138fb~'. Events are selected requiring one lepton (electron or muon),
moderate missing transverse momentum, two jets with a large pseudorapidity separation and a large dijet
invariant mass, and a signature consistent with the hadronic decay of a W/Z boson. The cross section is
computed in a fiducial phase space defined at parton level requiring all parton transverse momenta
pr > 10GeV and at least one pair of outgoing partons with invariant mass mqq > 100 GeV. The measured
and expected EW WV production cross sections are 1.90t8;§g pb and 2.23f8:?§(scale) + 0.05(PDF) pb,
respectively, where PDF is the parton distribution function. The observed EW signal strength is pupw =
0.85 + O.lZ(stat)J_rgﬁg (syst), corresponding to a signal significance of 4.4 standard deviations with 5.1
expected, and it is measured keeping the quantum chromodynamics (QCD) associated diboson production
fixed to the standard model prediction. This is the first evidence of vector boson scattering in the £vqq
decay channel at LHC. The simultaneous measurement of the EW and QCD associated diboson production
agrees with the standard model prediction.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The discovery of the Higgs boson [1,2] completed the observa-
tion of the particle content of the standard model (SM) of funda-
mental interactions, but the investigation of its scalar and Yukawa
sectors is still in its infancy with respect to the vast scientific pro-
gram foreseen with the data that is being delivered by the Large
Hadron Collider (LHC) at CERN.

Vector boson scattering (VBS) plays a special role, since the
violation of its unitarity coming from direct interaction between
vector bosons is prevented by counterbalancing diagrams involving
the Higgs boson [3]. This precise cancellation of divergent effects
is an important aspect of the SM, and one of the main motivations
to study the VBS processes.

In fact, the VBS measurements could provide an additional in-
sight into the electroweak (EW) symmetry breaking, as well as a
powerful tool to test effects beyond the SM that can perturb the
delicate equilibrium present in the total cross section calculation.
The VBS production of vector boson pairs is rare at the LHC, since
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it is a purely EW process of order 6 of the neutral weak current
coupling ocgw. and it has a large background contamination. Only
in recent years the data set collected by the LHC experiments has
become large enough to permit measurements in fully leptonic fi-
nal states [4-9] and in the Zy channel [10,11] by the ATLAS [12]
and CMS [13] Collaborations. At the same time, the theory commu-
nity showed a renewed interest in the vector boson scattering [14],
both in terms of the SM measurements and searches for beyond
SM effects. Therefore, it is compelling to study all the VBS final
states accessible at the LHC in addition to the fully leptonic ones
and those with photons.

In this letter, we address the case where one of the vector
bosons decays into quarks, whereas the other one, a W boson, de-
cays into a lepton ¢ (electron or a muon), and a neutrino. Fig. 1
shows examples of the Feynman diagrams describing some pro-
cesses contributing to this final state.

Both ATLAS and CMS Collaborations have already studied the
VBS WV process, where V stands for a W or Z boson, in final states
where one boson decays leptonically, and the other boson decays
hadronically, with data collected in 2016, corresponding to only
one quarter of the full Run 2 dataset obtained from 2016 to 2018.
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Fig. 1. Examples of Feynman diagrams contributing to the analyzed final state: general schema of purely EW VBS signal process contributions (upper left diagram), the
s-channel Higgs boson contribution (upper right diagram), the purely EW nonresonant diboson production (lower left diagram); and an example of non-EW nonresonant

diboson production (lower right diagram), which is part of the irreducible background.

The CMS analysis [15] was focused on a search for anomalous EW
WV production and put stringent limits on effective field theory
operators, whereas the ATLAS paper [16] reached a SM signal sig-
nificance of 2.7 standard deviations including the ¢¢qq and vvqq
decay channels. ATLAS also studied anomalous couplings in the
WW/WZjj channel [17] using 8 TeV data from the 2012 dataset.
This paper reports the first evidence for the SM EW £vqq plus two
jets production by analyzing the full LHC data set collected by CMS
between 2016 and 2018, corresponding to an integrated luminos-
ity of 138fb~1.

2. Signal and background simulation

The signal is characterized by the presence of a single isolated
electron or muon, a moderate amount of missing transverse mo-
mentum p%‘iss, and either three or four jets. One pair of jets is
required to have a large invariant mass and large pseudorapidity
(n) separation, the typical signature of VBS-like events, whereas
the remaining jets are the result of a vector boson decay. If the
boson has a high enough momentum in the laboratory reference
frame, its decay products can be collected in a single jet, whereas
at lower momentum the decay is resolved into two separate jets.

The main sources of background contamination originate from
the production of a single W boson accompanied by jets (called
WHjets in the following), and tt pairs, where one of the W bosons
produced by the top quark decays hadronically. Although simulated
samples for these backgrounds are available, an approach based on
control samples from data is applied to improve the description
of these backgrounds in the signal region. The W+jets contribution
from Monte Carlo (MC) is corrected differentially by exploiting the
events in a dedicated control region, which is described in more
detail in Section 5. The kinematic distributions of the top quark
background are taken from MC, but the normalization is measured
from data in the dedicated control region.

The following background processes are modeled using MC
event generators: nonresonant QCD-associated diboson production
(QCD-WV); tt and single top quark production (in s, t channel and
tW); Drell-Yan (DY) lepton pair production; V boson production in
association with a photon (Wy and Zy); single vector boson EW
production in the vector boson fusion channel (VBF-V); and tribo-

son production (VVV). The QCD multijet background, which may
enter the signal region with nonprompt leptons, is estimated in-
stead in a purely data-driven method, as described in Sec. 5.

Most of the processes are simulated at next-to-leading order
(NLO) in the strong coupling os using POWHEG v2 [18-22], MAD-
GRAPH5_aMC@NLO v2.4.2 [23,24], or MCFM V7.0 [25-28]. Only the
WH+jets, QCD-VV, VBF-V, and Wy events are generated with MaD-
GRAPH5_aMC@NLO v2.4.2 at leading order (LO) accuracy in pertur-
bative quantum chromodynamics (QCD). The tt component of the
top quark background and the DY events are also weighted using
generator level information to improve the agreement of the sim-
ulated transverse momentum (pt) distributions of the tt and DY
systems [29-31] to data.

The signal, namely the VBS W(£v)V(jj) process (the parentheses
give the decay modes), is simulated with MADGRAPH5_aMC@NLO
v2.6.5 at leading order: the intermediate-state vector boson pair
is produced by implementing the narrow width approximation
and then decayed by MadSpin [32] to partially account for finite-
width effects and spin correlations. The contribution from the VBS
Z(£e)V(jj) production, where one of the leptons falls beyond the
acceptance of the analysis, is considered as a background. The W
decay into T is considered part of the signal, and W decays into all
leptonic final states are generated. However, the analysis has been
performed only for electron and muon final states.

Apart from VBF-V, all MC samples for the parton showering,
hadronization, and the simulation of the underlying event are pro-
vided by pyTHIA 8.226 (8.230) [22,33]. The NNPDF 3.0 NLO [34]
(NNPDF 3.1 NNLO [35]) parton distribution functions (PDFs) are
used for simulating all 2016 (2017 and 2018) samples. The mod-
eling of the underlying event is generated using the CUETP8M1
[36,37] (CP5 [38]) tune for simulated samples corresponding to the
2016 (2017 and 2018) data.

To improve the description of the additional jet emissions by
the parton shower simulation in the VBS topology [39-41], the
dipole recoil scheme is used in PYTHIA for the VBS signal MC sam-
ple, and the HERWIG 7.0 [42,43] program is used for the VBF-V
background.

The interference between the EW and QCD diagrams for the
WEW=, WEWF, and WZ processes, generated with MADGRAPH5_
aMc@NLo including the contributions of order asag’M, is less than
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3% of the signal inclusively in the phase space region of interest of
the analysis and is neglected.

For all processes, the detector response is simulated using a de-
tailed description of the CMS detector, based on the GEANT4 pack-
age [44]. Additional interactions in the same or adjacent bunch
crossings (pileup) based on minimum bias events simulated with
the PYTHIA shower simulation are overlaid onto each event, with
the number of interactions drawn from a distribution that is sim-
ilar to the one observed in data. The average number of such
interactions per event is ~23 and ~32 for the 2016 data and 2017-
2018 data, respectively.

3. The CMS detector

A 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. [13].

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, 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 scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gaseous detectors em-
bedded in the steel flux-return yoke outside the solenoid. The
particle-flow algorithm [45] reconstructs and identifies each in-
dividual 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 electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex as measured
by the tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially compati-
ble with originating from the electron track. The energy of muons
is obtained from the curvature of the corresponding track. The en-
ergy 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 obtained from the corresponding corrected ECAL and
HCAL energies.

Events of interest are selected using a two-tiered trigger sys-
tem. The first level, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select
events at a rate of up to 100 kHz within a fixed latency of about
4 us [46]. The second level, known as the high-level trigger, con-
sists 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 1kHz before data storage [47].

4. Event reconstruction, selection and categorization

Events are selected for further analysis by triggers for isolated
single leptons with pr thresholds of 27, 32, 35GeV for electrons
and of 24, 24, 27 GeV for muons, respectively for the 2016, 2017,
2018 data-taking periods. The final leptons are required to have
an offline reconstructed pr of at least 35GeV (30GeV) for elec-
tron (muon) candidates, and a pseudorapidity of || < 2.5 (2.4) for
electrons (muons).

For each event, hadronic jets are clustered from reconstructed
particles using the infrared- and collinear-safe anti-kp algorithm
[48,49] with a distance parameter of 0.4 (0.8), labeled in the fol-
lowing as AK4 (AK8) jets. Additional proton-proton interactions
within the same or nearby bunch crossings (pileup) can contribute
additional tracks and calorimetric energy depositions to the jet
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momentum. To mitigate this effect, charged particles identified
as originating from pileup vertexes are discarded and an offset
correction is applied to correct for remaining contributions. Re-
constructed jets cannot overlap with isolated leptons: AR(j,¢) =
V(AN)? 4 (Ap)? > 0.4 (0.8) for AK4 (AKS) jets.

In an event, AK4 and AK8 jets are considered in the analysis if
they have a pt > 30GeV and || < 4.7 or pr > 200GeV and || <
2.4, respectively. The pileup-per-particle identification algorithm
(PUPPI) [50,51] is applied to AK8 jet constituents to remove pileup
tracks at the reconstructed particle level. Moreover, a grooming
algorithm, known as “soft drop” (SD) [52-54], is applied to the
constituents of AK8 jets reclustered using the Cambridge-Aachen
algorithm [55,56]. The SD algorithm, which has as an angular ex-
ponent B = 0, soft cutoff threshold zq, < 0.1, and characteristic
radius Rop = 0.8 [54], removes soft, wide-angle radiation from the
large radius jet, improving the modeling of the jet mass observable.
The parameters of the SD algorithm are calibrated in a top quark-
antiquark sample enriched in hadronically decaying W bosons [57].
The AKS8 jets are identified as hadronic decays of Lorentz-boosted
W/Z bosons using the ratio between 2- and 1-subjettiness [58]
variables denoted as 131 = 72/71 < 0.45 and a groomed AK8 jet
mass between 40 and 250 GeV. AK4 jets overlapping with AK8 jets
that pass the preselection with AR(jaka, jaks) < 0.8 are removed
from the event.

The analysis targets the VBS production of pairs of vector
bosons, WV, in association with two jets originating from the scat-
tered incoming partons, called tag jets. In the chosen signal pro-
cess, the W boson decays leptonically and the second boson decays
hadronically. Candidate events are required to contain exactly one
tightly identified and isolated lepton [59,60] associated with the
W boson leptonic decay. Events containing a second loosely iden-
tified lepton with pr > 10GeV are vetoed. Finally, we require a
missing transverse momentum pfr“iss > 30GeV in the event. The
missing transverse momentum vector ﬁ%“iss is computed as the
negative vector sum of the transverse momenta of all the particle
candidates in an event [61]. The PUPPI algorithm is also applied to
reduce the pileup dependence of the p%’iss observable. The p%‘iss
vector is computed from the particle-flow candidates weighted by
their probability to originate from the primary interaction ver-
tex [61].

Two main categories are defined depending on the reconstruc-
tion regime of the hadronically decaying vector boson. An event
is assigned to a boosted category if it contains only one AKS8 jet,
with pr > 200GeV and |n| < 2.4, that passes the selection crite-
ria as a hadronically decaying vector boson Vj,q4, together with at
least two AK4 jets. Otherwise, if no AK8 jet V boson candidate is
found and instead at least four AK4 jets are reconstructed with
pr > 30GeV, the event is assigned to a resolved category. In both
resolved and boosted categories, the two AK4 jets with the largest
invariant mass are identified as the VBS tag jets. In the resolved
category, out of the remaining jets after the VBS tag jet selection,
the two jets with invariant mass closest to 85 GeV (the average be-
tween the W and Z boson masses) are chosen as the decay product
of Vpag.

The fraction of VBS events in the sample is enhanced requiring
a large invariant mass m}J(BS > 500 GeV and large pseudorapidity in-
terval Anj‘j’BS = |n}’1BS - n}’zle > 2.5 for the tag jets. The leading VBS
tag jet is required to have pr > 50GeV and the transverse mass of
the leptonically decaying W is required to be m1W < 185GeV, de-
fined as

my = \/ 2 pr(©)pPiss[1 — cos(Ap(pr(£), pFs))] (1)

where pr(¢) is the pr of the lepton and A(p(pT(Z),ﬁ%“iss) is the
azimuthal distance between the lepton and the 13%“55.
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After these selections, the signal and control regions for the
main backgrounds, the top quark and W+jets ones, are defined in
both the resolved and boosted regions in a similar manner.

The signal region consists of events where: (i) no b jet can-
didates are found according to the loose working point of the
DEEPCSV tagger [62], (ii) a machine-learning b-tagging algorithm
with a b-tagging efficiency > 85% and a mistag probability < 20%
reduces the contamination from tt events, and (iii) the hadroni-
cally decaying vector boson invariant mass my is between 65— 105
(70—115)GeV for the resolved (boosted) category, which is consis-
tent with an on-shell W or Z decaying hadronically. Events falling
in the same my interval as the signal but containing at least one
b jet are classified in the top quark control region. Finally, if no
b jets exist and my is not within the W or Z resonance range,
my ¢ (65,105)GeV or my ¢ (70,115) GeV for the resolved and
boosted cases, events are classified as part of the W+jets control
region. All of the signal and control regions are split according to
the flavor of the selected lepton (electron or muon).

The purity of the top quark processes in the dedicated con-
trol regions is ~90%, where the largest contaminations are due to
the nonprompt (~6%) and W+jets (~3%) backgrounds. The purity
of the W+jets process in the dedicated control regions is between
~50% in the resolved categories and ~60% in the boosted ones.
The largest contaminations are due to the nonprompt background
(~28% in the resolved and ~15% in the boosted category), DY pro-
cesses (~10%), and top quark production (~6%).

5. Background estimation

The largest background contribution is the W+jets process, fol-
lowed by the top quark and the QCD multijet backgrounds. The
contamination from the single vector boson EW production in the
VBF channel (VBF-V) is negligible in the resolved category (2% in-
clusively), but more important in the boosted one (4% inclusively).

The WH+jets contribution is corrected using control samples in
data. It is experimentally observed that the transverse momen-
tum of the leptonically decaying W boson ( p¥”), measured using
the lepton momentum and the p%“iss, and the VBS tag jets pr are
poorly described by simulation in the multijet phase space region
used in this analysis. To correct this important background in a dif-
ferential way, the W+jets MC sample is split into several subsam-
ples according to p\TN’e (both categories) and pt of the subleading
VBS tag jet (only in the resolved category), and their normaliza-
tions are left floating and uncorrelated in the final fit. The data
in the W+jets control region is used to constrain the normaliza-
tion of the W+jets subcomponents by including in the fit the same
variables with the same binning used to define the MC sample
splitting. As a result of this procedure, the normalization correc-
tions to the W+jets MC sample are propagated in the fit and also
to the signal region including the full covariance matrix.

The closure test for this correction is performed by dividing the
WH+jets control region into two subregions, defined by two inter-
vals of my closer to (i.e., [50,65] U [105,150]GeV in the resolved
category or [50,70] U [115,150]GeV in the boosted one) or far-
ther (i.e., [40,50] U [150, +oc0]GeV) from the V resonance where
the signal region is located. Correction factors are derived for each
WH+jets component in the two subregions and are in agreement
with each other. Therefore, including the W+jets control region
in the final fit to extract the W+jets correction factors provides a
meaningful description for the W+jets MC also in the signal region.

The top quark background contribution is determined from MC
simulation except for its normalization, which is measured in the
top quark enriched control region in the final fit to the data.

The QCD multijet background, also called nonprompt, is esti-
mated from data by measuring the probability for a loosely defined
reconstructed lepton originating from a jet to be misidentified as
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a tightly reconstructed lepton in a phase space region outside the
analysis region. The QCD-enriched region is defined by the pres-
ence of at least one lepton with the same pr requirement as for
the rest of the analysis, pI < 20GeV, m}V <20GeV, at least one
AK4 jet in the event with AR > 1 from the lepton. The contribu-
tion from EW processes with a real lepton is subtracted from this
QCD enriched phase space region by means of W+jets and DY MC
events.

The contributions from the other backgrounds, e.g., QCD-VV, DY,
VBF-V, VVV, Vy, VBS-Z(££)V(jj) processes, are estimated from MC
simulation.

6. Signal extraction

Because of the large background and complex signal topology,
the most significant features to separate signal and backgrounds
are condensed in a single discriminator built with a deep neu-
ral network (DNN). This approach increases the sensitivity of the
analysis by a factor of three over a fit to the shape of the most
sensitive variable m}J(BS. Two different discriminators are optimized
for the resolved and boosted categories since the event topology
and the kinematics change significantly between the two. The DNN
implementation consists of a fully connected neural network with
four layers with 64 (32) nodes for the resolved (boosted) topol-
ogy, trained with stochastic gradient descent implemented via the
“Adam” optimizer [63]. The models are trained minimizing the
binary cross-entropy [64,65] loss until full convergence. All the
backgrounds are included as a single class against the signal in
the optimization of the DNN discriminator, weighted by their rela-
tive importance. To ensure that the discrimination is not degraded
by treating the backgrounds as a single class, the DNN is evalu-
ated separately for each type of background, and the shapes of the
distributions are similar for all backgrounds, as shown in Fig. 3.
Overfitting is carefully avoided by the use of regularization tech-
niques, such as Dropout and L2 weights decay [65]. A technique
called SHAP (SHapley Additive exPlanations) [66,67], developed
in the field of explainable machine learning, is applied to cross-
check the dependence of the DNN model on the input variables
and to rank their importance. Among the most important ones, as
identified by SHAP and matching the physics expectation, are the
mYBS variable, the Zeppenfeld variable [68] of the lepton, and the
quark/gluon discriminator variable of the leading Vy,q4 jet, which is
based on a likelihood discriminant constructed with three variables
for each jet: the jet energy, the multiplicity of the jet constituents,
and the minor axis width of the ellipse in the n — ¢ plane contain-
ing the jet constituents [69,70].

The post-fit distribution of the m}J(BS variable is shown in Fig. 2.
The effect on the DNN distribution of the small residual mismod-
eling observed in the post-fit m}gBS distribution in the resolved
category, was investigated and is negligible. In fact, the signal ex-
traction is focused on the high DNN region, which is strongly cor-
related with the high m}J(BS range. The residual discrepancy (< 5%)
at low m}J(BS values does not bias the signal extraction performance.

Table 1 shows the complete list of input variables used for the
resolved and boosted topologies, along with their ranking from the
SHAP algorithm. The Zeppenfeld variable of a particle X is defined
as:
nX — 7jVBS
TAVES (2)

A

Zx =

where 77VB is the mean pseudorapidity of the VBS tag jets.

The centrality [7,71] variable is defined as Cyw = min(An_,
Any), with Any = max(n') — max(nVmd, W) and An_ =
min(n"VS) — min(n"h¢, nV). The n" value is determined assuming
the W boson mass from the lepton and p7"** kinematics.
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Table 1
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Variables used as input to the DNN for the resolved and boosted models. They are ranked by their
contributions to the signal discrimination power of the DNN model using the SHAP [66,67] technique
and their rank is shown in the table for the resolved and boosted categories models.

SHAP ranking

Variable Resolved  Boosted
Resolved  Boosted

Lepton pseudorapidity v v 13 12
Lepton transverse momentum v v 16 10
Zeppenfeld variable for the lepton v v 2 2
Number of jets with pr > 30GeV v v 7 3
Leading VBS tag jet pr - v - 11
Trailing VBS tag jet pr v v 7 6
Pseudorapidity interval AnYBS between tag jets v v 4 4
Quark/gluon discriminator of leading VBS tag jet v v 9 7
Azimuthal angle distance between VBS tag jets v - 10 -
Invariant mass of the VBS tag jets pair v v 1
pr of the leading Vp,q jet v - 14 -
pr of the trailing Vp,q jet v - 12 -
Pseudorapidity difference between Vy,q jets v - 8 -
Quark/gluon discriminator of the leading Vp,q jet v/ - 3 -
Quark/gluon discriminator of the trailing Vy,q jet v - 5 -
pr of the AK8 Vp,q jet candidate - v - 8
Invariant mass of Vyaq v v 11 5
Zeppenfeld variable for Vyaq - v - 9
Centrality - v 15 13

Table 2

Fig. 3 shows the normalized distributions of the DNN discrimi-
nator for signal and backgrounds in the resolved and boosted sig-
nal regions. Fig. 4 shows control plots for the DNN in the top quark
and WH+jets control regions both for the resolved and boosted cate-
gories. The predictions and the data agree within the uncertainties
in both cases, after the background estimation based on control
samples in data, as described in the previous section, is applied.

The target of this analysis is the extraction of the WV VBS
production signal strength and the corresponding significance, ob-
tained through a modified frequentist approach based on the ra-
tio of the experimental likelihood profiled along with the mea-
surement nuisance parameters over the global likelihood maxi-
mum [72]. The likelihood function is built on a signal model taken
from simulation and corrected for all residual data/MC disagree-
ments in particle reconstruction, selection efficiency, and on back-
ground models that are built based on estimates from control sam-
ples in data or corrected for data-to-simulation disagreements, as
needed. The DNN distributions are fitted in the signal phase space
regions, combining the two different light lepton flavors, whereas
the yields in the control regions are used only to normalize the
Wh+jets and top quark backgrounds.

7. Systematic uncertainties

In the signal extraction fit, each uncertainty is represented by a
nuisance parameter that changes the shapes of the distributions for
the signal and background processes or scales their total normal-
ization. Different sources of uncertainty are treated as completely
uncorrelated in the fit, whereas each uncertainty effect is treated
as correlated or uncorrelated between different channels and pro-
cesses depending on the case. In Table 2 the uncertainties are split
into various categories by evaluating the effect on the total signal
strength of freezing each component independently in the fit.

The integrated luminosities of the 2016, 2017, and 2018 data-
taking periods are individually known with uncertainties in the
1.2-2.5% range [73-75], whereas the total Run 2 (2016-2018) in-
tegrated luminosity has an uncertainty of 1.6%. The improvement
in precision reflects the (uncorrelated) time evolution of some sys-
tematic effects.

Discrepancies in the lepton reconstruction and identification ef-
ficiencies between data and MC simulation are compensated by
applying correction factors to all samples as functions of the lep-

Breakdown of the uncertainties in the EW WV
VBS signal strength measurement.

Uncertainty source AUEwW
Statistical 0.12
Limited sample size 0.10
Normalization of backgrounds 0.08
Experimental
b-tagging 0.05
Jet energy scale and resolution ~ 0.04
Integrated luminosity 0.01
Lepton identification 0.01
Boosted V boson identification ~ 0.01
Total 0.06
Theory
Signal modeling 0.09
Background modeling 0.08
Total 0.12
Total 0.22

ton pr and 5. Their impact on the signal region is less than 1%
for both electrons and muons. The trigger efficiency uncertainty is
also smaller than 1%. The electron and muon momentum scale un-
certainties are computed by varying the lepton momenta within
their 10 uncertainty, and the resulting uncertainty in the sig-
nal yield is less than 1%. Similarly, jet energy scale and resolution
uncertainties are evaluated by shifting the pr value of the jets,
and thus directly affecting the reconstructed jet multiplicity and
p%“iss measurement [76]; several independent sources are consid-
ered and partially correlated among different data sets, resulting in
up to 4% uncertainty in the signal strength.

The b-tagging data/MC corrections are associated with differ-
ent uncertainty sources and correlated among all processes. Since
these uncertainties migrate events between the signal region and
top quark control region, they have a large effect, 5%, on the sig-
nal and background. Uncertainty in the p’T‘rliSS estimation due to
unclustered energy is also included and calculated by varying the
momenta of particles that are not identified with either a jet or a
lepton; its effect is negligible. Finally, the uncertainty in the pileup
modeling is applied to all the relevant MC samples by varying the
minimum bias cross section used to generate the pileup distribu-
tion by +10 [77] and estimated to be less than 1%.
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The uncertainty due to the finite number of events in the fitted
templates has a significant impact, 10%, on the signal measure-
ment. This contribution is dominated by the uncertainty in the
nonprompt template estimation, given by the limited number of
data events in the tails and by the large variation of the (positive
and negative) weights applied to model the lepton misidentifica-
tion probability. Leaving the normalization of the top quark and
WhHjets (split into many subcategories) backgrounds floating in the
fit results in an uncertainty in the signal strength of 8%.

The most important theoretical uncertainty is related to the
choice of the renormalization and factorization scales in the MC
simulation of events. The uncertainty in the signal and background
yields is computed by taking the largest variation given by chang-
ing such scales up and down independently by a factor of two with
respect to their nominal value, ignoring the extreme case where
they are shifted in opposite directions [78,79]. The theoretical scale
uncertainty is uncorrelated for each background and signal process.
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Fig. 3. The DNN discriminator distribution, taken from simulation, for VBS signal and
backgrounds in the resolved (upper) and boosted (lower) signal regions normalized
to unity.

Only shape effects are included by varying the scales for W+jets
and top quark backgrounds, since their normalization is directly
measured from data in the fit. Both the shape and normalization
effects are included for the other backgrounds. For the signal, only
the shape effect of the theoretical scales uncertainty is considered
while measuring the signal cross section and significance, whereas
the normalization effect is included for the signal strength de-
termination. Inclusively, the theoretical scale uncertainty for the
EW-only WV signal is 5%, and for the QCD-associated diboson pro-
duction is 25%. The overall impact on the EW-only signal strength
determination from the choice of renormalization and factorization
scales is 12%.

The uncertainty in the modeling of the parton shower is also
included, by using the weights corresponding to variations of o>k
and a§5R computed by the parton shower programs, and uncorre-
lated for each process: the impact on the signal strength determi-
nation is 4%. The PDF and related strong coupling o/s uncertainties
are evaluated using the eigenvalues of the PDF set following the
NNPDF prescription [80]. These uncertainties, as well as the one
from the modeling of the underlying event, are included for all the
processes apart from top quark and W+jets backgrounds, and they
have a negligible impact on the signal measurement.
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Fig. 4. The DNN discriminator distribution for the resolved (left) and boosted (right) phase space region in the top quark (upper plots) and W+jets (lower plots) control
regions. Vertical bars on data points show the statistical error, whereas the gray band is the post-fit uncertainty on MC with all systematic uncertainties included.

8. Results

Three separate maximum likelihood fits are performed: (i)
the measurement of the purely EW signal strength ppw keeping
the QCD WV production contribution fixed to the SM prediction
aqcp = 1; (ii) the measurement of the signal strength considering
as signal the EW and QCD WV processes together; (iii) a two-
dimensional simultaneous measurement of the signal strengths
Mew and fLqcp.

Fig. 5 shows the post-fit DNN distribution for the resolved (left)
and the boosted (right) signal phase space in the EW-only fit. The
background-subtracted plot, where the evidence for the signal is
clearly visible, is also shown.

A fiducial phase space region is defined at parton level re-
quiring all partons to have pr > 10GeV and at least one pair of
outgoing partons with invariant mass mgq > 100GeV. This simple
definition of the fiducial region is chosen for easy application to
signal models; the amount of signal generated in this fiducial re-
gion and passing the final signal selection is ~25%.

The SM prediction for the EW WV production cross section
in this fiducial region is 2.23fg:(1)? (scale) & 0.05 (PDF) pb, where
PDF refers to the uncertainty coming from the parton distri-
bution function. The measured EW WV production cross sec-
tion is 1.90f8:2§ pb, corresponding to an observed EW-only signal
strength of:

obs

pew = —g =0.85£0.12 (stat) 013 (syst) = 0.857023,  (3)

where o°P and oM are the observed and predicted cross sections,
respectively, with an expectation of 1.00:’83‘2‘. The observed signif-
icance for the SM EW WV signal is 4.4 standard deviations with
5.1 expected. The EW-only signal strength fitted independently in
the resolved and boosted categories is 0.8540.26 and 1.09 +0.32,
respectively.

Considering instead the signal as the overall EW and QCD-
associated diboson production, the measured and expected cross
sections are 16.4732 pb and 16.9%57 (scale) + 0.5 (PDF) pb, respec-
tively, extracted in the same fiducial phase space region as the
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Fig. 5. Results for the EW-signal-only fit, keeping the QCD WV contribution fixed to the SM prediction. Upper plots: post-fit DNN discriminator distributions for the resolved
(left) and the boosted (right) signal regions. The signal contribution is plotted both stacked on top of the background processes and also overlaid as a red line to show the
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EW-only one. This fit assumes the ratio between the EW and QCD
contributions to the diboson production is fixed to the value pre-
dicted by the SM. The overall signal strength p = o°% /oM, with

an expectation of 1.00f8:§(1), is measured as:

IEw-+qcp = 0.97 = 0.06 (stat) 7037 (syst) = 0971939 (4)

The fit is also performed leaving as free independent parameters
the signal strengths of the EW and QCD-associated WV production
components ((gw and pqcp). The result of the 2D fit is shown
in Fig. 6, where the expected and observed minima are presented,
together with the 68 and 95% confidence level (CL) contours built
from the likelihood function. The measured signal strengths are in
agreement with the SM predictions within the 68% CL.

9. Summary

The first evidence for the electroweak (EW) production of a
WV (V=W or Z) pair plus two jets in the £vqq decay channel

is reported. Events are separated into two categories: either the
hadronically decaying W or Z boson is reconstructed as one large-
radius jet, or it is identified as a pair of jets with dijet mass close to
the boson mass. Multivariate machine learning discriminators are
optimized to separate the signal from the background in each cate-
gory and their outputs are exploited in the statistical analysis. The
large background from single W boson production accompanied
by jets is estimated from control samples in the data to reduce the
impact of Monte Carlo mismodeling in this multijet phase space
region.

Tabulated results are provided in the HEPData record for this
analysis [81].

The EW-only WV signal strength, measured keeping the QCD-
associated diboson production fixed to the standard model pre-
diction, is: ppw = 0°/0M = 0.85 + 0.12(stat) 17 (syst) =
0.85702 at 1.00702) expected, where 0°® and oM are the ob-
served and predicted cross sections, respectively. The observed
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Fig. 6. Simultaneous EW and QCD WV production fit: the expected and observed 68
and 95% CL contours on the signal strengths. The best fit result is compatible with
the SM prediction within the 68% CL area.

significance for the SM EW WV signal is 4.4 standard deviations
with 5.1 expected., it is measured keeping the quantum chromo-
dynamics (QCD) associated diboson production fixed to the stan-
dard model prediction. When we consider the signal as the total
EW and QCD-associated diboson yield, the overall signal strength
WEw+qcp is measured as: 0.97 % 0.06 (stat) 939 (syst) = 0.9775-2
with an expectation of l.OOfgzgé. Finally, a simultaneous two-
dimensional fit of the EW and QCD WV production components
is performed.

Overall, both the WV EW-only measurement and the simulta-
neous EW and QCD WV measurements are in agreement with the
SM predictions within the 68% confidence level.
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