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A search for the electroweak VBS production of a WV pair plus two jets, in the semi-leptonic
channel, at a center-of-mass energy of 13 TeV is reported. The data sample corresponds to the
full Run-II CMS dataset of proton-proton collisions at 13 TeV including an integrated luminosity
of 137.1 fb~'. Events are analyzed in two energy regimes: either the hadronically decaying W/Z
boson is reconstructed as one large-radius jet, or it is identified as a pair of jets with dijet mass near
the W/Z mass. Machine learning models are optimized for the signal extraction and the classifiers
are interpreted using tools from the explainable machine learning field. The overwhelming
background contribution from the single W production plus jets is measured in dedicated control
regions implementing a data-driven strategy.
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Search for vector boson scattering with the semi-leptonic WV signature at CMS

1. Introduction

The observation of a Higgs boson with a mass of about 125 GeV by the CMS and ATLAS col-
laborations [1, 2] consolidated the validity of the Standard Model (SM) of elementary interactions:
within the current uncertainties, the newly found particle is consistent with the SM expectations.
Nevertheless, several fundamental issues remain unsolved. In particular, new phenomena may be
present in the electroweak sector, where a sensitive probe of new physics is naturally given by the
study of the scattering at high energy of massive electroweak bosons, usually known as Vector
Boson Scattering (VBS) [3]. VBS happens at the Large Hadron Collider (LHC) when a quark from
each of the incoming protons radiates a vector boson W or Z. These two vector bosons interact with
each other, and their decay products are detected in the LHC experiments. At leading-order (LO)
in perturbation theory VBS is a purely 2 — 6 fermions electroweak processes of order O(agw).

The target of this analysis is the extraction of the WV VBS production cross section, signal

obs/O_SM obs and O'SM

strength u = o (where o are the observed and predicted cross section respec-
tively), and its corresponding significance, in the semileptonic WV channel, where one final state
vector boson V decays hadronically and the other (W) leptonically. The search is performed on the
data set of proton-proton collisions at 13 TeV collected with the CMS detector [4] during 2016-
2018, corresponding to an integrated luminosity of 137 fb~!. The largest background contribution
is given by the single W boson production process in association with jets, followed by the top quark
and the QCD multijet backgrounds. The QCD WYV production irreducible background, of order
O(aéwag), is separable from VBS only at LO in the perturbation expansion [5] and it is reduced
considerably in the analysis by the phase space preselections. A simultaneous measurement of the

EW and QCD WYV production signal strengths is also performed.

Figure 1: Examples of Feynman diagrams contributing to the analyzed final state: purely EW VBS
process contributions (left diagram), QCD diboson production (center diagram), and s-channel Higgs boson
contribution (right diagram).

The signal, namely the VBS W(Iv)V(jj) process, is simulated with the MADGRAPHS_amMc@NLO
v2.6.5 Monte Carlo (MC) at LO precision and decayed with MadSpin [6]. The backgrounds are
simulated with PoWHEG V2 [7], MADGRAPHS5_amc@nro v2.4.2 [8], and parton shower, hadroniza-
tion, and the simulation of the underlying event are provided by pyTHIA 8.226 (8.230) [9]. The
dipole recoil scheme is used in the parton shower pyTHiA simulation for the VBS signal MC sample,
in order to describe correctly the additional jet emissions in the VBS topology [5, 10].



Search for vector boson scattering with the semi-leptonic WV signature at CMS

2. Event selection

Events are selected requiring the presence of a single isolated electron (muon) with pp >

miss

35GeV (30GeV) and missing transverse momentum pr > 30 GeV, and either four small radius

(named AK4) hadronic jets or 2 AK4 and 1 large radius jet (named AKS), clustered using the anti-k
algorithm with a distance parameter of 0.4 for AK4 jets or 0.8 for AK8 ones. One pair of AK4

jets with pp > 50(30) GeV, called VBS tag jets, is used to tag the event requiring a large invariant
mass mj\j/BS > 500G eV and large pseudorapidity separation Anj}]B 5

VBS-like events. Between the remaining jets, the decays products of the hadronically-decaying

> 2.5, the typical signature of

final state vector boson W or Z, must be identified to fully reconstruct the VBS topology. The
signal efficiency is maximized targeting different energetic regimes: If the V boson is boosted
(pt > 200GeV) its decay products are reconstructed in the detector as a single energetic large
radius AKS jet. Experimentally, the boosted V boson decay is identified using the ratio between
2- and 1-subjettiness [11] variables denoted as 7,; = 7,/7; < 0.45 and groomed AKS jet mass
between 40 and 250 GeV [12]. At smaller pr, the V boson is reconstructed as a pair of smaller
radius jets with invariant mass near the W or Z boson mass.

The contamination from the top quark backgrounds is reduced drastically in the signal region by
vetoing b-jets using the CMS multivariate DeepCSV [13] tagger. Inverting the b-veto requirement
a control region for the top quark backgrounds is defined and included in the fit. The W+jets
background is reduced selecting as signal region a narrow invariant mass interval for the hadronic
vector boson decays products around the W or Z mass peak (my, € (65, 105) GeV). The invariant
mass sidebands are used to define a control region for the W+jets background used in the fit.

3. Signal discrimination

Because of the large background on the one hand, and of the sophisticated signal topology
on the other, the most significant features that allow to separate them have been combined in two
discriminators built with deep neural networks (DNN), one for the resolved and one for the boosted
categories. The DNN is implemented as a fully connected neural network with 4 layers with 64
(32) nodes for the resolved (boosted) topology, trained via stochastic gradient descent. The most
discriminating input variables are mj\j/BS and the Zeppenfeld variable of the lepton[14]. A technique
called SHAP (SHapley Additive exPlanations) [15], 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.

4. Results

The signal extraction is performed using the modified frequentist likelihood ratio profiling
approach. Experimental and theoretical uncertainties are represented by nuisance parameter that
morphs the shapes of the distributions for the signal and background processes or scales their total
normalization. The top quark background normalization is left free to float in the fit. The W+jets
background is also corrected in a data-driven way: its MC sample is split in coarse set of bins, and
the normalization of each sub-category is left free to float in the fit allowing to correct differentially
for residual discrepancies in its shape between data and Monte Carlo.
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Figure 2: Left: post-fit DNN distributions for the boosted signal region, for the EW-signal-only fit. Right:
68% and 95% confidence level contours for the simultaneous fit of EW and QCD WYV signal strengths. [16]

Three separate interpretations are performed on the selected events: the measurement of the
purely EW signal strength upy keeping the QCD WV production contribution fixed to the SM
prediction ugcp = 1; the measurement of the signal strength of the sum of the EW and QCD WV
processes; a two-dimensional simultaneous measurement of the signal strengths gy and pocp-

A fiducial phase space region is defined at parton level requiring all partons to have p; >
10GeV and at least one pair of outgoing partons with invariant mass m,, > 100GeV. The
measured (SM expected) EW WV production cross section is 1.90f%:?é pb (2.23t%‘_?§ (scale) +
0.05 (PDF) pb), corresponding to an observed EW-only signal strength of: ppyw = O.85fg'_% =
0.85+0.12 (stat)fgf% (syst), lt%'_%g expected. The observed (expected) significance for the SM EW
WV signal signal is 4.4 (5.1) standard deviations.

Considering instead the signal as the sum of the EW and QCD WV production processes, the
cross-section is measured (expected) to be 16.673 pb (16.9*5% (scale) + 0.5 (PDF) pb), in the
same fiducial phase space region as the EW-only one. The total signal strength, ugw,qcp = lt%_llg
expected, is measured as: pgw.qcp = 0.98f3‘_21g =0.98+0.07 (stat)tgiig (syst). The fitis performed
also leaving as free independent parameters the signal strength of the EW and QCD WYV production
components ((gw and fiocp), as shown in Fig. 2.

5. Conclusion

Thanks to the large Run II dataset delivered by LHC and recorded by CMS, sophisticated
multivariate techniques to extract the signal, and careful data-driven corrections of the overwhelming
backgrounds, the first evidence for semileptonic WV VBS at LHC has been reached and presented.
The measured signal strengths are in agreement with the SM predictions within the 68% confidence
interval.
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