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1. Introduction

Vector-boson scattering (VBS) is one of the most important physics processes at the Large
Hadron Collider for studying the mechanism of electroweak symmetry breaking. In addition, some
new physics models beyond the Standard Model (SM), that alter the quartic gauge couplings or
include unknown high-mass diboson resonances, predict to enhance VBS cross sections at the high
invariant mass of the diboson system. Hence it is important to measure the VBS cross sections in
a wide mass range, using all possible processes model-independently, such as WW, WZ and ZZ
scattering, collectively referred to as V'V scattering (V = W or Z), as well as Vy and yy scattering.
As shown in Figure 1 (a), the experimental feature of the VBS processes is the existence of high
transverse momentum (pr) quark-induced hadron jets in the forward-backward directions and two
W, Z or y bosons in the central rapidity. In most analysis channels, the main source of background
is the QCD-induced diboson production in association with two jets as shown in Figure 1 (b).

This article presents the recent ATLAS measurements of the electroweak diboson productions,
including VBS processes, using the Run-2 pp-collisions datasets at 4/s = 13 TeV, corresponding
to 36-139 fb~! of integrated luminosities. Details of the ATLAS detector are found elsewhere [1].
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Figure 1: (a) VBS and (b) QCD-induced diagrams as representatives for diboson with two jets productions.

2. Observation of the electroweak WEW* — ¢*v{*y production

The same-sign W-boson pair with two jets production (W=W=*j ;) has the largest ratio of
electroweak to QCD-induced production cross sections compared with other VBS processes. The
analysis using the 36 fb~! dataset collected in years 2015-16 is found in Ref. [2]. Events are required
to have exactly two same-sign isolated leptons (electron or muon) and a large missing transverse
momentum (E%‘iss). They should contain at least two high-pt hadron jets in || < 4.5. To enhance
the VBS signal, a signal region (SR) is defined by m;; > 500 GeV and |ijj| > 2.0, where m
and Ay;; are the invariant mass and the rapidity difference of the two highest-pr jets. The signal
yield is estimated by the fit to the m;; distribution as shown in Figure 2. The normalizations of
WZ and Vy backgrounds are determined in the dedicated control regions (CRs) requiring three
leptons and two opposite-sign muons plus high-pt isolated photon, respectively. Background
events containing non-prompt leptons or electric charge mis-identified electrons are estimated by
data-driven methods. The normalization of QCD-induced W*W#*j j background is constrained by
the data in the low-m ;; CR requiring 200 < m;; < 500 GeV. A total of 122 candidate events are
observed in the SR for a background expectation of 69 + 7, corresponding to an observed signal
significance of 6.5 standard deviations. The result is compared with the theoretical calculations by
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SHERPA 2.2.2 [3] (LO in QCD) and POwWHEG+PYTHIAS [4, 5] (NLO) generators. Data agree very
well with the POWHEG+PYTHIAS prediction and the ratio is 0.94’:%: % (stat.) £0.17 (syst.), while the
ratio to the SHERPA prediction is 1.44f%'_%3 (stat.) fg'ég (syst.), where uncertainties correspond to
statistical and systematic components. The data are consistent with both generators within about
1o, but they predict different fiducial cross sections. The dominant source of the uncertainty on
the fiducial cross section prediction for the SHERPA sample is the choice of the QCD scales, while

PDF and parton shower modeling uncertainties are important for POWHEG+PYTHIAS.

3. Observation of the electroweak ZZ with two jets in the 4¢ and {{vv final states

The electroweak ZZ j j production has the smallest cross section among the VV j j processes in
the SM. Using the full Run-2 dataset corresponding to 139 fb~!, the first observation of this process
has been achieved [6]. Two different final states, ZZ — 4¢ and ZZ — {{vv, are employed. In
the 4¢ channel, SR is defined by the existence of lepton quadruplets formed by two opposite-sign
and same-flavor (OSSF) lepton pairs, with the masses consistent with the Z-boson mass. In the
¢Cyv channel, events in SR are required to have one OSSF lepton pair and large E%“iss—signiﬁcance
calculated using resolution information of physics objects used in the ErT]rliss reconstruction. In
both channels, two jets in || < 4.5 with the highest pr and satisfying a negative product of
rapidities are selected. The m; is required to be greater than 300 (400) GeV in the 4¢ (£€vv)
channel, and |Ay 7 j| to be greater than 2.0. After the event selections, the main source of the
background in the 4¢ channel is QCD-induced ZZ j j production (about 70%). In the {€vv channel,
contributions from QCD-induced ZZj j, non-resonant dilepton (¢f, WWj j etc.) and WZ processes
are 20-25% each. The normalization of QCD-induced ZZjj in the 4¢ channel is constrained by
the data in the CR reversing either the m; or Ay;; cuts. The impact on the signal extraction of
a potential mismodelling of the m ; distribution in the QCD-induced ZZj simulation is studied
and found to be smaller than the statistical uncertainty. The normalization of non-resonant dilepton
background is estimated in the CR requiring different flavor lepton pair (ey). The normalization of
WZ background is estimated in the three-lepton CR.

To enhance the electroweak signal more, a multi-variate analysis based on Boosted Decision
Trees (BDT) is introduced. In each channel, a BDT is trained in SR, which uses event kinematic
information sensitive to the characteristics of the signal, to separate the electroweak ZZj;j from
the background. Twelve (thirteen) input variables are used in the 4¢ (££vv) channel. As shown
in Figure 3, the signal yields are estimated by the fit to the BDT score distributions in both
channels simultaneously. The hypothesis of no electroweak production is rejected with a statistical
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Figure 3: Observed and expected multivariate discriminant (MD) distributions after the statistical fit in the
(a) 4¢ and (b) £€vv SRs [6]. The error bands include the experimental and theoretical uncertainties. All the
minor backgrounds are summed together as ‘Others. The statistical uncertainties of the data are shown as
error bars. The open arrows represent the out-of-range markers.

significance of 5.50. The ratio of the observed signal yield in the fiducial phase space to the
theoretical prediction by the MADGRAPH 2.6.1 [7] event generator (LO) is 1.35 + 0.34 (stat.+syst.).

4. Evidence of Zy scattering in dilepton final state mode

The Zy scattering is interesting because it allows the measurement of the neutral quartic gauge
couplings, as for the ZZ final state but with a larger expected cross section. The analysis using the
36 fb~! dataset collected in 201516 is reported in Ref. [8]. Events are required to have exactly one
OSSF isolated lepton pair and at least one high-pr isolated photon. The invariant mass of the lepton
pair is required to be comparable with the Z-boson mass. Two jets in || < 4.5 with the highest pr
and satisfying a negative product of rapidities are selected. The m; is required to be greater than
150 GeV and |A17 i j| to be greater than 1.0, where An;; is the difference of pseudo-rapidities of the
two jets. Finally, SR is defined by requiring the centrality of the {{y system relative to the tagging

jets: £ (ELy) = ‘W’ to be less than 5.0, where y corresponds to the rapidity and j1 and
Jj2 label the selected leading and subleading jets.

A BDT is trained to enhance the electroweak signal more, using thirteen kinematic variables.
The signal yield is estimated by the fit to the BDT score distribution. The normalization of
QCD-induced Zy production is estimated by the fit at the same time in lower BDT bins. The
CR requiring additional b-tagged jets is added to the fit to give a constraint on the normalization
of the t7 + y background. The background with one hadron jet misidentified as a photon is
estimated by a dedicated data-driven method. Figure 4 shows the BDT score distribution in SR
after the fit. The observed signal yield corresponds to a statistical significance of 4.1 standard
deviations. The ratio to the theoretical prediction by the MADGRAPH 2.3.3 (LO) event generator is
1.00 £+ 0.19 (stat.) £0.13 (exp.) J:%.ll% (mod.), where “exp.” and “mod.” denote the experimental
(e.g. jet energy scale) and the theoretical sources of the systematic uncertainty. The observed ratio

to SHERPA 2.4.4 (LO) prediction is 0.87 = 0.17 (stat.) +0.11 (exp.) £0.12 (mod.).
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Figure 4: Post-fit distributions of the BDT score in SR [8]. The uncer-
®eorscre tainty band around the expectation includes all systematic uncertainties.

5. Search for WW/W Z/Z Z scattering in the semi-leptonic final states

The hadronic decay of W/Z boson has the highest branching fraction and it is useful for
the measurement of VBS processes at the TeV energy scale. The electroweak VV jj production
in the “semi-leptonic” final state modes, where one of the bosons decays leptonically and the
other hadronically (WV — fvqq and ZV — €€qq/vvqq), have been measured using 36 fb! pp
collisions data collected in 2015-16 [9]. Since the new physics contribution is expected to be larger
in the high-mass region, this channel can give the strongest limit on some models.

Depending on the target mass range, two analysis categories are defined. In the lower-mass
region, two quarks from the boson decay can be resolved by the standard jet algorithm in ATLAS
(anti-k, with the radius parameter R = 0.4). In the higher-mass region, they are merged together into
a single large-radius jet (R = 1.0) and the “boosted boson tagging” technique using jet substructure is
employed to enhance the signals. In both categories, a window cut on the reconstructed hadronically-
decaying boson candidate mass is applied to be compatible with W/Z mass. An additional pair of jets
is selected in |n7| < 4.5 with the highest-m ;; and negative product of pseudo-rapidities, excluding
the jets used in W/Z — qq reconstruction. The m ; is required to be greater than 400 GeV. Nine
SRs are involved in the fit, defined by the number of leptons and the categories of hadronically-
decaying W/Z reconstruction. The main source of the background is single W/Z boson production
in association with hadron jets (V+jets). The contribution from ¢7 is also significant in {vgq and
vvqq final states. The normalization of V+jets background is constrained by the CRs reversing the
W/Z — gq mass window cut. The normalization of the 77 background is constrained by the CRs
requiring additional b-tagged jets in the {vgq final state. The modeling of the m; distribution in
the V+jets simulated events is corrected by data in the control sample and a conservative uncertainty
is assigned in the correction factors.

In each SR, a BDT is trained to enhance the electroweak signal against the background. Four to
sixteen kinematic variables are used as inputs. The signal yields are estimated by the fit to the BDT
score distributions in all SRs simultaneously. Figure 5 shows examples of the post-fit BDT score
distributions. The ratio of the observed fiducial cross section to the MADGRAPH 2.4.3 prediction
(LO)1s 1.05+0.20 (stat.) J:%%Z (syst.). The background only hypothesis is excluded with a statistical
significance of 2.7¢0". The main source of systematic uncertainty comes from the correction factor

of the m; distribution in the V+jets simulated events.
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Figure 5: Examples of the post-fit BDT score distributions in (a) vvggq, (b) {vgq and (c) {€gq SRs [9]. The
middle panel shows the ratios of the observed data to the signal plus background predictions. The uncertainty
shown by the band includes both statistical and systematic contributions. The bottom panel shows the ratios
of the post-fit and pre-fit background predictions.

6. Conclusions

The recent ATLAS measurements of the electroweak V'V jj productions have been reported,
using 13 TeV pp collisions data at the Large Hadron Collider corresponding to integrated lumi-
nosities of 36-139 fb~'. The same-sign W*W=*jj and ZZj j processes are observed with greater
than 5o accuracies. The Zy process is measured with 4.20-. The inclusive electroweak V'V j j cross
section is measured in semi-leptonic final state modes. The observed statistical significance is found
to be 2.70~. The results are compared with several theoretical predictions and good agreements
with the Standard Model are reported.
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