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Evidence for electroweak production of two jets in association with a Zy pair in /s = 13 TeV proton-
proton collisions at the Large Hadron Collider is presented. The analysis uses data collected by the
ATLAS detector in 2015 and 2016 that corresponds to an integrated luminosity of 36.1 fb~!. Events
that contain a Z boson candidate decaying leptonically into either eTe~ or w™ =, a photon, and two
jets are selected. The electroweak component is measured with observed and expected significances

of 4.1 standard deviations. The fiducial cross-section for electroweak production is measured to be
ozyji—-Ew = 7.8 £2.0fb, in good agreement with the Standard Model prediction.
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1. Introduction

At the Large Hadron Collider (LHC), the electroweak (EW) sector
of the Standard Model (SM) can be probed by studying the self-
coupling of vector bosons, which is precisely predicted through
the SU(2)L x U(1)y gauge symmetry. Vector-boson scattering (VBS),
VV — VV with V=W/Z/y, is one of the most interesting pro-
cesses to look at to study such effects, as it is sensitive to both
the triple and the quartic gauge boson couplings, where physics
beyond the SM can significantly alter the SM predictions [1-3].

In hadron collisions, VBS events are characterised by the pres-
ence of two bosons and two jets, V Vjj, that are created in a purely
electroweak process [4], through the interaction of bosons that
have been radiated from the initial-state quarks. For such events,
the scattered quarks are not colour-connected and little hadronic
activity is expected in the gap between the two jets. These events
are also characterised by a large invariant mass of the dijet sys-
tem and a large separation of the two jets in rapidity, while the
decay products of the bosons are typically produced in the central
region.

The VVjj final states, however, are produced mainly through
a combination of strong and electroweak interactions in pp col-
lisions. The former are of order aszozfzw at the Born level, where
os is the strong coupling constant and agw is the electroweak
coupling constant. In the following, such processes are referred to
as QCD-induced backgrounds, Zy jj—QCD. The production of V Vjj
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events through pure aéw interactions at the Born level are more
rare; they are referred to as electroweak processes, Zy jj—EW,
in the following. It is not possible to study VBS diagrams inde-
pendently from other electroweak processes as only the ensemble
is gauge invariant [5]. There is also interference between the SM
electroweak and QCD-induced processes. Some example Feynman
diagrams for these processes are shown in Fig. 1.

Among all the possible electroweak production modes, only the
W=*W=jj and W Zjj production processes have been observed [6-
9]. Evidence for the Zy jj channel has been reported [10], while
limits on electroweak cross-sections have been reported for the
ZZjj channel [11], the Wy jj channel [12], and the VV chan-
nel [13,14] where at most one of the two bosons decays to two
jets.

The Zy jj channel [15] is particularly interesting to study since
it allows the measurement of the neutral quartic gauge couplings,
as for the ZZ final state but with a larger expected cross-section.
The Zyjj cross-sections have been computed at next-to-leading
order (NLO) in as for both the QCD-induced backgrounds [16] and
the electroweak signal [17]. The NLO QCD corrections are not in-
cluded in the following for either the electroweak signal or the
QCD-induced background, as they were not evaluated for the phase
space used in this paper.

This Letter reports the evidence for, and the most precise mea-
surements to date of, electroweak Zy jj production, wheer the Z
boson decays leptonically into either ete™ or u* ™, exploiting
the data collected with the ATLAS detector in 2015 and 2016 at
a centre-of-mass energy of /s =13 TeV, and corresponding to an
integrated luminosity of 36.1 fb~'.
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Fig. 1. Representative Feynman diagrams of the processes relevant to this analysis: (a) quartic gauge coupling VBS signal, (b) triple gauge coupling, (c) electroweak non-VBS

signal, QCD-induced backgrounds with (d) gluon exchange or (e) gluon radiation.
2. ATLAS detector

The ATLAS detector [18-20] is a multipurpose detector with a
cylindrical geometry! and nearly 47 coverage in solid angle.

The collision point is surrounded by inner tracking detectors,
collectively referred to as the inner detector (ID), located within
a superconducting solenoid providing a 2 T axial magnetic field,
followed by a calorimeter system and a muon spectrometer (MS).

The inner detector provides precise measurements of charged-
particle tracks in the pseudorapidity range || < 2.5. It consists
of three subdetectors arranged in a coaxial geometry around the
beam axis: a silicon pixel detector, a silicon microstrip detector
and a transition radiation tracker.

The electromagnetic (EM) calorimeter covers the region |n| <
3.2 and is based on high-granularity, lead/liquid-argon (LAr) sam-
pling technology. The hadronic calorimeter uses a steel/scintillator-
tile detector in the region || < 1.7 and a copper/LAr detector in
the region 1.5 < |n| < 3.2. The most forward region of the detector,
3.1 < |n| < 4.9, is equipped with a forward calorimeter, measuring
electromagnetic and hadronic energies in copper/LAr and tung-
sten/LAr modules, respectively.

The muon spectrometer comprises separate trigger and high-
precision tracking chambers to measure the deflection of muons
in a magnetic field generated by three large superconducting
toroidal magnets arranged with an eightfold azimuthal coil sym-

T ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
direction. The x-axis points from the IP to the centre of the LHC ring, and the y-
axis points upward. Cylindrical coordinates (r, ¢) are used in the transverse (x, y)
plane, ¢ being the azimuthal angle around the beam direction. The pseudorapidity
is defined in terms of the polar angle 6 as n = —In[tan(6/2)].

metry around the calorimeters. The high-precision chambers cover
the range |n| < 2.7. The muon trigger system covers the range
|n] < 2.4 with resistive-plate chambers in the barrel and thin-gap
chambers in the endcap regions.

A two-level trigger system [21] is used to select events in real
time. It consists of a hardware-based first-level (L1) trigger and
a software-based high-level trigger. The latter employs algorithms
similar to those used offline to identify electrons, muons, photons
and jets.

3. Signal and background simulation

Signal and background processes are modelled using Monte
Carlo (MC) simulations. All MC events were passed through the
GEANT4-based [22] ATLAS detector simulation [23]. They are re-
constructed and analysed using the same algorithm chain as the
data. These events also include additional proton-proton inter-
actions (pile-up) generated with PytHIA 8.186 [24] using the
MSTW2008LO [25] parton distribution functions (PDFs) and the
A2 set of tuned parameters [26] (A2 tune). The simulated events
are reweighted to reproduce the mean number of interactions per
bunch crossing observed during 2015 and 2016 data-taking. The
average number of pp interactions per bunch crossing is found to
be around 13 in 2015 and 25 in 2016. Scale factors are applied to
simulated events to correct for the differences observed between
data and MC simulation in the trigger, reconstruction, identifica-
tion, isolation and impact parameter efficiencies of photons, elec-
trons and muons [27,28]. The photon energy, electron energy and
muon momentum in simulated events are smeared to account for
differences in resolution between data and MC simulation [28,29].

In this analysis, the signal is the electroweak production of
Z(— L&)y jj (with £ = e, u), with jets originating from the frag-
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mentation of partons arising from electroweak vertices. Signal
events (££y jj) were generated [30] at leading-order (LO) accu-
racy (at order (xf:w) using MADGRAPH5_AMC@NLO 2.3.3 [31] with
no extra parton in the final state. The nominal renormalisation and
factorisation scales were set to the transverse mass of the diboson
system. The NNPDF30 LO PDF set [32] was used for the genera-
tion of the events, and the hadronisation and parton shower of the
events was modelled using PyTHIA 8.212 with the A14 tune [33].
An alternative model of hadronisation and parton shower is ob-
tained by re-showering events with Herwig 7.0.1 [34,35] using the
UEEE-5 tune that is based on the models discussed in Refs. [36,37]
in conjunction with the CTEQ6L1 LO PDF set [38].

An alternative sample of simulated events at LO accuracy was
generated using SHERPA 2.2.4 [39] with Comix [40] and merged
with the SHERPA parton shower [41]. The factorisation and renor-
malisation scales were set to the invariant mass of the diboson
system. The NNPDF30 next-to-next-to-leading order (NNLO) PDF
set [32] was used for the generation of this sample.

The main background comes from the QCD-induced production
of the Z(— ¢¢)y jj final state, which is estimated at leading order,
ie. at order aad,. The MC sample used to model this back-
ground was obtained with the SHERPA 2.2.2 event generator for
the ¢¢y process with up to one parton at NLO generated with
OpenLoops [42] and up to three partons at LO using Comix. The
different final-state multiplicities were merged with the SHERPA
parton shower using the ME+PS@NLO prescription [43]. This sam-
ple was generated using the NNPDF30 NNLO PDF set.

An alternative QCD sample was used to study the dependence
of the kinematic distributions on the matrix-element generator.
This sample was obtained with MADGRAPH5_AMC@NLO 2.3.3 with
up to one parton at NLO for the £y process. The second jet is
obtained from the real emission at matrix-element level, i.e. with
LO accuracy. The event generator was interfaced to PyTHIA 8.212
for the inclusion of the parton shower and hadronisation of the
events; the FXFx merging prescription was used [44] with a merg-
ing scale of 20 GeV. The NNPDF30 NLO PDF set and the A14 tune
were used for the generation.

Interference between the electroweak and QCD processes was
estimated at LO accuracy in QCD using the MADGRAPH5_AMC@NLO
2.3.3 MC event generator with the NNPDF30 LO PDF set including
only contributions to the squared matrix-element at order otsocéw.
The event generator was interfaced to PyTHIA 8.212 for the parton
showers and hadronisation of the events with the A14 tune. These
interference effects are found to be positive and are of the order
of 3% of the Zy jj—EW cross-section in the fiducial phase space
studied by this analysis.

The second-largest background in this analysis is due to Z+jets
processes. In this case, one of the jets is misidentified as a pho-
ton. This contribution is estimated using a data-driven method,
as explained in Section 5. Cross-checks are performed using a
SHERPA 2.2.1 MC sample [45], produced with up to two jets at
NLO accuracy and up to four jets at LO accuracy, using Comix and
OpenLoops, and merged with the SHERPA parton shower according
to the ME+PS@NLO prescription. The NNPDF30 NNLO PDF set was
used for the generation of this sample. This sample is scaled to the
NNLO predictions for inclusive Z production using a normalisation
factor [45] derived from FEWZ [46] and the MSTW2008NNLO PDF
set [25].

The third-largest background affecting this analysis is from tt +
y events. These events were generated at LO accuracy using the
MADGRAPH5_AMC@NLO 2.3.3 generator interfaced to PyTHIA 8.212
for the parton showering and hadronisation. The NNPDF23 LO PDF
set and the A14 tune were used for the generation. The normali-
sation of the predictions is corrected for NLO QCD effects [47].

All other backgrounds are smaller and are obtained from MC
simulations. The most important of these are the W Z background,

which was simulated with SHERPA 2.2.1 and the NNPDF30 NNLO
PDF set, and the Wt background, which was simulated with the
PowHEG-Box [48-50] generator interfaced to PYTHIA 6.428 [51] and
the PERUGIA 2012 tune [52]. The CTio NLO PDF set [53] was used
for the generation of this sample.

4. Event selection

Events are selected if they were recorded during stable beam
conditions and if they satisfy detector and data quality require-
ments, which include all relevant subdetectors functioning nor-
mally. Events were collected using single-lepton or dilepton trig-
gers [21,54] that require, respectively, at least one or two electrons
or muons.

For single-lepton triggers, the transverse momentum (p)
threshold in 2015 was 24 GeV for electrons and 20 GeV for muons
satisfying a loose isolation requirement based only on ID track in-
formation. In 2016, due to the higher instantaneous luminosity,
these thresholds were increased to 26 GeV for both the elec-
trons and muons, and tighter isolation requirements were applied.
Inefficiencies for leptons with large transverse momenta were re-
duced by including additional electron and muon triggers that do
not include any isolation requirements; these had transverse mo-
mentum thresholds of 60 GeV and 50 GeV, respectively. Finally, a
single-electron trigger requiring pt > 120 GeV with less restrictive
electron identification criteria was used to increase the selection
efficiency for high-pt electrons. The threshold was increased to
140 GeV in 2016. In 2015, the dilepton trigger pr threshold was
12 GeV for electrons, and either 10 GeV for muons in conjunc-
tion with two muons producing L1 triggers, or 18 GeV and 8 GeV
in the case that only one of the two muons produced an L1 trig-
ger. In 2016, these thresholds were raised to 17 GeV for electrons,
14 GeV for the symmetric dimuon trigger, and 22 GeV and 8 GeV
for the asymmetric muon trigger. The combined efficiency of these
triggers is close to 100% for the events that pass the kinematic re-
quirements described below. To ensure that the trigger efficiency
is well determined, the lepton candidates must be matched to the
leptons that are selected by the trigger and have a transverse mo-
mentum at least 1 GeV above the online threshold.

Events must have a primary vertex with at least two charged-
particle tracks which must be compatible with the pp interaction
region. In cases where multiple vertices are reconstructed in a
single event, the vertex with the highest sum of the p% of the
associated tracks is selected as the production vertex of the Zy
system.

Muons are reconstructed by matching tracks in the muon spec-
trometer to tracks in the inner detector. Candidate muons are
required to satisfy the ‘medium’ set of identification criteria [28]
based on the number of detector hits and pr measurements in the
ID and the MS. The efficiency of selecting such muons averaged
over pt and 7 is larger than 98%. Both the ID and MS measure-
ments are used to compute the muon momentum. The measure-
ment also takes into account the energy loss in the calorimeters.
Muons are used in the analysis if they satisfy pt > 20 GeV and
In| <2.5.

Electrons are reconstructed by matching energy clusters in the
electromagnetic calorimeter to an ID track. Candidate electrons
are required to pass a ‘medium’ likelihood requirement that is
built from information about the electromagnetic shower shape in
the calorimeter, track properties and the track-to-cluster match-
ing [27]. The efficiency of selecting such electrons is of about
90%. Calorimeter energy and the track’s direction are combined to
compute the electron momentum. Electrons are required to satisfy
pr > 20 GeV and |n| < 2.47.

To ensure that electron and muon candidates originate from the
primary vertex, the significance of the track’s transverse impact
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parameter relative to the beam line must satisfy |do/og,| <3 (5)
for muons (electrons), and the longitudinal impact parameter zg,
the difference between the value of z at the point on the track at
which dg is defined and the longitudinal position of the primary
vertex, is required to satisfy |z - sin(9)| < 0.5 mm.

Electrons and muons are required to be isolated from hadronic
activity by imposing maximum energy requirements in cones in
the n-¢ plane, defined using the AR = \/(An)? + (A¢)? dis-
tance, around their direction of flight, using calorimeter-cluster
and ID-track information, excluding the electron or muon mo-
mentum. They are selected following the ‘gradient loose’ require-
ments [27,28]. The muon isolation criterion imposes a fixed upper
limit in a cone of size AR = 0.2 for calorimeter-based isolation
and in a cone of size AR = 0.3 for ID-based isolation, with a se-
lection efficiency above 90% for pr > 20 GeV and at least 99% for
pr > 60 GeV. For electrons, the requirements vary with pr, allow-
ing a selection efficiency of at least 90% for pr > 25 GeV and at
least 99% for pr > 60 GeV. For electrons, both isolation variables
are evaluated with a cone of size AR =0.2.

Photon candidates are reconstructed from clusters of energy de-
posited in the electromagnetic calorimeter and are classified as
unconverted (clusters without a matching track or matching recon-
structed conversion vertex in the ID) or converted (clusters with a
matching reconstructed conversion vertex or a matching track con-
sistent with originating from a photon conversion). Photons are
identified using a cut-based selection relying on shower shapes
measured with the electromagnetic calorimeter. Nine discriminat-
ing variables are used, built from the distribution of energy in
different layers of the EM calorimeter and information about en-
ergy leaking into the hadronic calorimeter. The shower shape val-
ues in the simulation are corrected to improve their agreement
with the shower shapes in data. Photons must satisfy a ‘tight’
requirement [55]. Photons selected in this analysis must satisfy
Et > 15 GeV, where Et is the photon transverse energy, and the
pseudorapidity of the cluster must be in the range |n| < 1.37 or
1.52 < |n| < 2.37, to avoid the transition region between barrel
and endcap calorimeters. Photon candidates are required to be iso-
lated according to calorimeter-cluster and ID-track information in
a cone of size AR =0.2, excluding the photon energy. The require-
ment varies with Et following the ‘fixed loose’ requirement [55],
providing an average efficiency of about 95%. The calorimetric pho-
ton isolation is corrected to account for leakage and the contribu-
tion from the underlying event and pile-up transverse energy [27].

Jets are reconstructed from clusters of energy depositions in the
calorimeter [56] using the anti-k; algorithm [57,58] with a radius
parameter R = 0.4. Calibration of the jet energy is based on sim-
ulation and in situ methods from data [59]. Jets originating from
non-collision backgrounds or detector noise are removed [60]. Pile-
up jets are suppressed using a multivariate combination of track-
based variables in the ID acceptance (|n| < 2.5) [61]. All jets con-
sidered must have pt > 25 GeV and must be reconstructed in the
pseudorapidity range |n| < 4.5.

Jets containing a b-hadron are identified in the ID volume using
a multivariate algorithm [62,63] that uses the impact parameters
and secondary vertices of the tracks contained in the jet. The se-
lection is done using a working point chosen to provide a 70%
selection efficiency for b-jets in an inclusive tf MC sample. The
70% working point has rejection factors of 10 and 400 for charm
and light-flavour jets, respectively. Correction factors are applied
to the simulated event samples to compensate for differences be-
tween data and simulation in the flavour-tagging efficiencies for
b-jets, c-jets and light-flavour jets. The correction for b-jets is de-
rived from tf events with final states containing two leptons, and
the corrections are consistent with unity with uncertainties at the
level of a few percent over most of the jet pr range.

To avoid cases in which a lepton, photon, or jet is reconstructed
as two separate final-state objects, several steps are followed to
remove such overlaps. Bremsstrahlung radiation by a muon can
result in ID tracks and a calorimeter energy deposit that are re-
constructed as an electron candidate. Therefore, in cases for which
an electron candidate and a muon candidate share an ID track, the
object is considered to be a muon, and the electron candidate is re-
jected. The overlap of objects is measured using the AR distance.
Due to the isolation requirements placed on electron candidates,
any jets that closely overlap an electron candidate within a coni-
cal region AR < 0.2 are likely to be reconstructions of the electron
and so are rejected. When jets and electrons are found within a
larger hollow conical region 0.2 < AR < 0.4, it is more likely that
a real hadronic jet is present and that the electron is a non-prompt
constituent of the jet, arising from the decay of a heavy-flavour
hadron. Hence an electron candidate found within AR < 0.4 of
any remaining jet is rejected. Muons can be accompanied by a hard
photon due to bremsstrahlung or collinear final-state radiation, and
the muon-photon system can then be reconstructed as both a jet
and a muon candidate. Non-prompt muons can arise from decays
of hadrons in jets; however, these muons are associated with a
higher ID track multiplicity than those accompanied by hard pho-
tons. In order to resolve these ambiguities between nearby jet and
muon candidates, first any jets having fewer than three ID tracks
and within AR < 0.4 of any muon candidate are rejected, then
any muon candidates within AR < 0.4 of any remaining jet are re-
jected. The ambiguity between photons and leptons is resolved by
rejecting any photons found to be within AR < 0.4 of an electron
or a muon. Jets found within AR < 0.4 of any photons are rejected.

Events are required to contain exactly two lepton candidates
(electrons or muons) with the same flavour and opposite charge
and at least one photon candidate satisfying the selection criteria
described above. When there are two or more photons selected,
the one with the highest Et is used for further processing.

The invariant mass of the two leptons, mye, must be at least
40 GeV. The sum of the dilepton mass and the three-body ¢¢y
invariant mass (Mg, +mygy ) is required to be larger than 182 GeV,
which is twice the Z boson mass. This requirement ensures that
the three-body invariant mass is larger than the Z boson mass,
thus suppressing cases where the Z boson decays into ££y [15,64].

To select electroweak processes, events are further required to
include at least two ‘VBS-tagging’ jets. A symmetric selection of
pr > 50 GeV is used to select both tagging jets, which are classified
as leading and subleading in transverse momentum. These two jets
are required to have an invariant mass mj; > 150 GeV, in order to
minimise the contamination from triboson background in which
a hadronically decaying W or Z boson is produced in association
with a Z boson and a photon, i.e. Zy + Z/W (— jj).

The final VBS signal region (SR) is defined by requiring that the
pseudorapidity difference between the two leading jets |An(jj)|
be larger than 1; that no b-tagged jet be present in the event; and
that the centrality of the ¢£y system relative to the tagging jets,
defined as

}’Uy - (y]1 +y]2)/2
(yfl - yjz)

be lower than 5, where y corresponds to the rapidity, and j; and

Jj2 label the selected leading and subleading jets.

clety) =

, (1)

5. Background estimation

Irreducible backgrounds are modelled kinematically by MC sim-
ulations, and their normalisation is evaluated from the data. Re-
ducible backgrounds, in which a photon originates from a hadron
decay, are determined using data-driven techniques. Events in
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which one or more leptons originate from a hadronic jet are sup-
pressed by the stringent lepton selection. They are found to be
negligible and are not considered here.

The main reducible background originates from Z+jets events,
in which one hadronic jet is misidentified as a photon. This back-
ground is not well modelled by the MC simulation and, there-
fore, is estimated with data using a two-dimensional sideband
method [65] similar to that applied in a previous analysis with
Run 1 data [15]. The shapes of the distributions of Z+jets events
are obtained using data, after applying all the signal requirements,
but reversing the photon identification and isolation criteria [55].
The normalisation of this background is estimated in a control
region designed to maximise the number of events available in
the data while being close to the signal region; all signal region
requirements are applied, except the transverse momentum re-
quirement for the jets, which is lowered to 30 GeV, and the dijet
invariant mass requirement, which is less than 150 GeV. The ratio
of Z+jets to Zy jj—QCD events is computed in this region, since it
is found to be the same in this control region and in the signal re-
gion, in both data and MC simulation, and used to extrapolate the
normalisation of Z-+jets events to the signal region. To estimate
both the shape and the normalisation of this background, the con-
tamination from events containing real photons is estimated and
corrected using MC predictions.

The most important background is irreducible and comes from
the QCD-induced production of Zy events in association with two
jets. The normalisation of this background is constrained by the
data, as explained in Section 6.

The other main irreducible background arises from tf + y
events. This process is also constrained by the data in a dedicated
control region which is referred to as b-Control Region (b-CR). This
control region is obtained by imposing all SR selections but requir-
ing the presence of at least one reconstructed b-tagged jet in the
event.

The contribution of backgrounds due to the production of
Z+jets and y-+jets events in two different overlaid interactions is
evaluated using a data-driven estimate following the method de-
scribed in Ref. [64] and found to be negligible.

Backgrounds from other sources are reducible and are evaluated
using MC simulations. The most important contribution comes
from W Z events, in which a charged lepton is misidentified as
a photon, and from Wt events.

6. Signal extraction procedure

A boosted decision tree (BDT), as implemented in the TMVA
package [66], is used to separate the electroweak signal from all
the backgrounds. The BDT is trained and the set of variables re-
tained as input to the BDT is optimised on simulated events to
separate Zy jj—EW events from all background processes, exclud-
ing Z+jets, and to maximise the signal-to-background ratio. In
total, 13 kinematic variables are combined into one discriminant
that can take any value in the range [—1, 1]. The final binning of
the BDT discriminant, or BDT score, is optimised to improve the
sensitivity of the analysis.

Some of the variables used in the BDT training are related to
the kinematic properties of the two tagging jets: the invariant
mass of these two jets, mjj, the difference in pseudorapidity be-
tween these two jets, Anjj, and the pseudorapidity and pr of the
leading jet. Other variables are related to the kinematic properties
of the photon and the Z boson: the transverse momenta of the
leading lepton, the ¢¢ system and the ¢£y system, and the ¢¢ and
£¢y invariant masses. Another set of variables is related to the cor-
relation of the two tagging jets and the Zy system: the distance
in the n-¢ plane between the Zy system and the two-jet system,
AR(Zy, jj); the smallest distance in the n-¢ plane between a

photon and a jet, among all possible combinations, Min(AR(y, j));
the difference in azimuth between the Zy system and the two-jet
system, A¢(Zy, jj) and the centrality ¢(¢£y) as defined in Eq. (1).

The modelling by MC simulations of the distribution shapes
and the correlations between all input variables for the BDT is
verified in the signal region. Compatibility within the uncertain-
ties is observed for all distributions, as exemplified by Figs. 2(a)
and 2(b), except for the high-mass tail of mj; as shown in Fig. 2(c),
as was also observed in previous analyses of electroweak pro-
cesses [67-69]. This mismodelling does not impact the signal sig-
nificance nor the uncertainty in the measurement reported in Sec-
tion 9.

The BDT score distribution in the signal region is used to mea-
sure the Zy jj—EW signal fiducial cross-section with a maximum-
likelihood fit, and to determine the significance of the signal. In
this fit the eeyjj and puyjj final states are combined. An ex-
tended likelihood function is built from the product of two like-
lihoods corresponding to the BDT score distribution in the Zy jj
SR, and the multiplicity of reconstructed b-jets in the b-CR. The
yields of the tt + y simulated events are constrained by data using
this last distribution. The normalisation of the Zy jj—QCD sam-
ple is also constrained by the data, directly in the signal region,
since this background dominates the distribution at low BDT score
values. The normalisations of these backgrounds are introduced in
the likelihood fit as unconstrained nuisance parameters, labelled
as fzyjj—qcp and ity for the Zy jj—QCD and tt + y back-
grounds, respectively. These parameters are relative normalisation
factors, defined with respect to the SM predictions. For these back-
grounds, the kinematic distributions are obtained from MC simula-
tions. Both the shape and the normalisation distributions of Z+jets
background are estimated from data, as described in Section 5.
The other irreducible backgrounds are determined from MC simu-
lations. Background normalisations and shapes can vary within the
uncertainties, constrained by Gaussian distributions as described in
Section 7.

The fiducial cross-section is derived using the signal strength

parameter [Lzy jj—Ew:

data
N _ N Zy ji—-EW
Mzyji—EW = —NMC )
Zy jj—EW
data ; : :
where NZyjj—EW is the number of signal events measured in the
. MC . . .
data, while N Zyjj—Ew 18 the number of signal events predicted by

the MADGRAPH5_AMC@NLO 2.3.3 MC simulation.

The observed cross-section (Uzﬁs'j}‘djg/v) is then obtained by
multiplying  the  signal  strength  wzyjj—ew by the
MADGRAPH5_AMC@NLO 2.3.3 MC cross-section prediction in the
fiducial region (a?ﬂ‘]’.j’\f(éw). Because the effect of interference be-
tween the Zy jj—QCD and the Zy jj—EW processes is not ac-
counted for in the Zy jj—QCD contribution, the observed cross-
section Uzﬁg'jjwa formally corresponds to electroweak production

plus the interference effects.
7. Systematic uncertainties

Several sources of systematic uncertainty in the signal and
background processes can affect the cross-section measurement.
For the background and signal processes, all systematic uncertain-
ties that affect the shapes of the BDT score and Nj._jets distributions
are considered. In addition, all systematic uncertainties that affect
the acceptance and normalisation of the distributions are consid-
ered for all processes, except for the theory uncertainties in the
signal process, where only the effect on the acceptance is consid-
ered. Systematic uncertainties in the shapes of distributions are not
applied if they are consistent with statistical fluctuations.
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Fig. 2. Post-fit distributions of (a) the transverse momentum of the ££y system, (b) the centrality of the ¢£) system relative to the tagging jets, and (c) mj; in the signal
region. The uncertainty band around the expectation includes all systematic uncertainties and takes into account their correlations as obtained from the fit. Events beyond

the upper limit of the histogram are included in the last bin of the distribution.

The uncertainties in the theoretical modelling of the signal and
backgrounds that are estimated from MC simulations can affect the
cross-section measurement. The uncertainties due to the knowl-
edge of the PDF and the «s value used in the generation of the MC
samples are determined using the PDF4LHC prescription [70]. They
are found to be of the order of 2% for the normalisation of the QCD
and tty samples. The uncertainties due to missing higher-order
QCD corrections are evaluated using an envelope of the largest de-
viations obtained by varying the renormalisation and factorisation
scales independently by factors of two and one-half. These uncer-
tainties are large for the Zy jj—QCD and tt + y backgrounds and
their impact on the normalisation is f;g%. The shape uncertainties
due to the missing higher-order QCD corrections are of 2-4% for
the signal and the Zy jj—QCD and tt + y backgrounds.

For the signal and tt + y background, uncertainties due to the
parton shower and underlying-event modelling are evaluated us-
ing dedicated tune variations [33] and by re-showering events with
Herwig 7.0.1 instead of PyTHIA 8.212. These uncertainties affect the

shape of the distribution by at most 5% at large values of the BDT
score and are negligible at low values of the BDT score. For the sig-
nal this uncertainty takes into account a problem with color flow
connection in VBS-like topology that was observed and reported
in Refs. [71,72] in the parton shower models of PyTHIA 8.212 and
SHERPA 2.2.4. For the Zy jj—QCD background, the modelling un-
certainties due to the parton showers, underlying-event and ma-
trix elements are estimated by comparing the predictions of the
SHERPA 2.2.2 and MADGRAPH5_AMC@NLO 2.3.3 MC generators. The
difference between these two predictions is taken as a systematic
uncertainty applied as both a positive and a negative variation. The
effects in the BDT score distribution and the Nj.jets distribution
due to these two set-ups are taken as uncertainties. The main im-
pact is on the BDT score distribution with an effect ranging from
—5% to 20% at low and high values of the BDT score, respectively.

As discussed in Section 6, the interference between the elec-
troweak signal and the Zy jj—QCD process is not included in
the fit. However, this interference can distort the shape of the
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Zy jj—EW template. This effect is estimated using the MAD-
GRAPH5_AMC@NLO 2.3.3 MC generator at LO in QCD, and is taken
as a systematic uncertainty in the shape of the signal. The size of
this effect ranges from 5% to 2% at low and high values of the BDT
score, respectively.

Another source of uncertainty arises from the sizes of the MC
samples and data sample in the regions used in the analysis to
model the BDT score and Nj.jets distributions. The statistical un-
certainty in the shape of the BDT score for Zy jj—QCD events
ranges from 5% to 13% at low and high values of the BDT score,
respectively, and is about 2% for Zy jj—EW events. For the Z+jets
background, the statistical uncertainty dominates the shape uncer-
tainty due to the size of the data sample; it is about 10% at low
BDT score values, and up to 50% at high values, while uncertain-
ties from other sources are negligible. The statistical uncertainty in
the shape of Np_jers is about 25% for Zy jj—QCD and is about 3%
for tty events.

Other systematic uncertainties originate from the reconstruc-
tion, identification, and energy calibration of electrons, photons,
muons, and jets. The largest of these uncertainties is due to the
jet energy scale calibration. The uncertainties due to the jet energy
resolution and to the suppression of pile-up jets are also consid-
ered, as described in Ref. [73]. The total effect of the uncertainties
related to jet reconstruction and calibration on the normalisation
of the Zy jj—QCD background is about 8%, and it is about 4% for
Zy jj—EW events in the signal region. The impact on the shape is
largest for the Zy jj—QCD events and ranges from 2% to 18% at
low and high BDT values, respectively. The uncertainty due to the
heavy-flavour tagging efficiency amounts to 9% (2%) in normalisa-
tion in the signal (b-CR) region for the tt 4y background, whereas
the impact on other backgrounds and on the shape of the tem-
plate distributions is found to be negligible. Uncertainties in the
lepton identification, reconstruction, isolation requirements, trig-
ger efficiencies, energy scale and energy resolution are determined
by using Z — ¢¢ events [27,28,74]. The largest experimental un-
certainty associated with the photons is the photon identification
efficiency [55]. The photon and lepton uncertainties affect only the
normalisation of Zy jj—EW, Zy jj—QCD, and tt + y processes. In
total, these effects are of 3% to 4% in the signal region.

A 20% yield uncertainty is assigned to the Z+jets reducible
background estimate. This uncertainty accounts for the number of
events in the control regions used in the two-dimensional side-
band measurement, and for the correlation between photon iden-
tification and isolation requirements. A 20% yield uncertainty is
assigned to the other backgrounds estimated from simulations.

A variation in the pileup reweighting of MC samples is included
to cover the uncertainty on the ratio between the predicted and
measured inelastic cross-section [75]. The resulting uncertainty in
the measured fiducial cross-section is 5%.

The uncertainty in the combined 2015-2016 integrated lumi-
nosity is 2.1% [76], obtained using the LUCID-2 detector [77] for
the primary luminosity measurements.

The effect of each of these uncertainties on the fiducial cross-
section measurement is shown in Table 1. The individual sources
are grouped into either theoretical or experimental categories. The
largest uncertainties are due to the jet reconstruction and calibra-
tion, followed by the uncertainty arising from the sizes of the MC
samples, and the theoretical uncertainties in the modelling of the
Zy jj—EW signal and of the Zy jj—QCD background. Uncertain-
ties affecting only the normalisation of the Zy jj—QCD and tty
background have almost no impact on the Zy jj—EW cross-section
measurement since the corresponding normalisation parameters
are constrained by the fit to the data as explained in Section 6.

Table 1

Relative uncertainties in the measured fiducial cross-section (rzﬁf;'jjfEW. The uncer-
tainties are expressed in percentages. The correlations between these uncertainties
are taken into account in the computation of the total uncertainty.

Source Uncertainty [%]
Statistical e
Zy jj—EW theory modelling +io
Zy jj—QCD theory modelling +6
tt + y theory modelling +2
Zy jj—EW and Zy jj—QCD interference fg
Jets +8
Pile-up +5
Electrons +1
Muons i
Photons +1
Electrons/photons energy scale +1
b-tagging +2
MC statistical uncertainties +8
Other backgrounds normalisation (including Z+jets) fg
Luminosity +2
Total uncertainty +26

8. Phase space for cross-section measurements

The Zy jj electroweak cross-section is measured in a fiducial
phase space that is defined to closely follow the selection criteria
of the signal region described in Section 4. This region is defined
at the particle level, using stable particles (with a proper decay
length ¢t > 10 mm) which are produced from the hard scatter-
ing, including those that are the products of hadronisation, before
their interaction with the detector. Leptons produced in the decay
of a hadron, a t-lepton, or their descendants are not considered
in the definition of the fiducial phase space. Prompt-lepton four-
momenta are obtained from a sum of the leptons four-momenta
and the four-momenta of photons not originating from hadron de-
cays within a cone of size AR =0.1 around the leptons (‘dressed
leptons’). Jets are reconstructed using the anti-k; algorithm with
radius parameter R = 0.4 using stable particles, excluding elec-
trons, muons, neutrinos, and photons associated with the decay
of a W or Z boson. Photon isolation is defined as the transverse
momentum of the system of stable particles within a cone of size
AR =0.2 around the photon, excluding muons, neutrinos, and the
photon itself.

The following selection requirements are imposed to define the
fiducial phase space. The charged leptons from the Z boson decay
are required to have transverse momentum pr > 20 GeV and || <
2.5, and the invariant mass of the two leptons must be larger than
40 GeV. The photon is required to have transverse momentum
pt > 15 GeV and || < 2.37. Photons isolated from any hadronic
activity are selected by requiring that the photon isolation, as de-
fined above, divided by the photon transverse momentum be less
than 5%. The angular distance between each of the charged leptons
from the Z decay and the photon is required to be AR > 0.4. The
sum of the two-lepton invariant mass and two-lepton plus pho-
ton invariant mass must satisfy (mg, +Myggy )> 182 GeV in order to
exclude final-state radiation events.

In addition to these requirements, at least two jets with pt >
50 GeV and |n| < 4.5 are required. The angular distance between
each of the charged leptons from the Z boson decay and each
of the jets is required to be AR(j,¢) > 0.3. The angular dis-
tance between the photon and each of the jets is required to
be AR(j,y) > 0.4. The invariant mass mj; of the two highest-pr
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Table 2

Expected and observed numbers of events in the signal and control re-
gions, after the fit. The expected number of Zyjj—EW events from MAD-
GrAPH5_AMC@NLO 2.3.3 and the estimated number of background events from the
other processes are shown. Total post-fit uncertainties, as described in Section 7,
are shown. The uncertainty in the total expected yield is smaller than the quadratic
sum of the uncertainties in each process due to these being anti-correlated after
the fit.

SR b-CR

Data 1222 388

Total expected 1222 +35 389 +19
Zy jj—EW (signal) 104 +26 5 +1
Zy jj—QCD 864 +60 82 +9
Z+jets 200 +40 19 +4
tt+y 48 +10 280 +21
Other backgrounds 7 +1 4 +1

jets is required to be mj; > 150 GeV, and the difference between
the pseudorapidities of these two leading jets is required to be
|Anjj| > 1. Finally, the centrality of the ££y system relative to the
tagging jets must satisfy ¢ (££y)<5.

9. Cross-section measurements

A profile-likelihood-ratio test statistic [78] is used to measure
the signal strength 1z, jj_gw and its associated uncertainties. The
systematic uncertainties are treated as nuisance parameters and
are constrained with Gaussian distributions in the fit. The statis-
tical uncertainty is determined after having fixed each nuisance
parameter to the conditional maximum-likelihood estimator [78]
also called profiled value. Fig. 3 shows the BDT score distribution
in the signal region, and the b-tagged jet multiplicity in the b-CR,
after having applied the background and signal normalisations and
having set the nuisance parameters to the values adjusted by the
profile-likelihood fit. The yield of events obtained after the fit is
detailed in Table 2.

The signal strength is measured to be:

7y ji—ew = 1.00 £ 0.19 (stat.) & 0.13 (syst.) 7013 (mod.)
=1.00+0.26,

with “stat.” corresponding to the data statistical uncertainty, “syst.”
to the experimental systematic uncertainties and size of MC sam-
ples, and “mod.” to the theoretical modelling of the signal and
background MC samples. This corresponds to a statistical signif-
icance of 4.1 standard deviations both observed and expected.
The expected significance is obtained after having applied the
backgrounds normalisations, which are found to be ttzy jj_qcp =

0.787025 and fu; by = 1.497039. The uncertainty in the normali-
sation parameter values includes the theoretical uncertainties, such
as uncertainties derived from QCD scale variations. The normalisa-
tion of the tf 4y background agrees with results from other stud-
ies performed with ATLAS Run 2 data [79] in this final state. The
normalisation of the Zy jj—QCD background is compatible with
results obtained in the W Zjj final state [7]. It was checked that
the signal strength obtained in the combination of the eey jj and
ppyjj final states is consistent with the results obtained sepa-
rately for each channel.

The fiducial cross-section is measured by computing the prod-
uct of signal strength and the predicted cross-section used to de-
fine it:

o9 pw = 7-8 £1.5(stat) £1.0(syst) Fgg (mod.) fb
7.8 £2.0fb.

This cross-section corresponds to the electroweak Zy jj particle-
level cross-section in the fiducial phase space defined in Section 8
using dressed leptons, and including constructive interference be-
tween the signal and the QCD-induced processes.

This measurement can be compared with the LO cross-section
predicted by MADGRAPH5_AMC@NLO 2.3.3:

54 MAGRA _ 7 75 4 0,03 (stat.) + 0.20 (PDF + o)
=+ 0.40 (scale) fb.

The cross-section predicted by SHERPA 2.2.4 is somewhat larger
than that predicted by MADGRAPH5_AMC@NLO 2.3.3:

a?ﬁ;ffé&;" = 8.94 + 0.08 (stat.) == 0.20 (PDF + «zs)
=+ 0.50 (scale) fb.
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These predictions do not include the effects of interference,
which are estimated with MADGRAPH5_AMC@NLO 2.3.3 to be 3%
in this phase space.

To verify the results of the multivariate analysis, a cut-based
approach is also used. The centrality of the £¢y system, ¢(££y),
is used as the sensitive variable for the extraction of the elec-
troweak signal. In this alternative method, the signal region is
further divided into two regions depending on the dijet invari-
ant mass. The region with mj; < 500 GeV is used to constrain the
QCD background, while the region mj; > 500 GeV is kept to ex-
tract the signal. The b-CR is also kept in this method as a second
control region to constrain the tf + ¥ background normalisation.
The profile-likelihood fit is applied in the same way as described
above with the full treatment of systematic uncertainties, allowing
exclusion of the background-only hypothesis with a statistical sig-
nificance of 2.90 (2.70) observed (expected). This is compatible
with the result obtained with the multivariate approach and with
the SM prediction.

The analysis is also used to measure the Zy jj cross-section
in the same fiducial phase space. This measurement includes the
electroweak-induced signal, the QCD-induced process and their
interference. The extraction procedure is the same as for the
electroweak Zy jj measurement. A template likelihood fit is per-
formed, using the BDT score distribution in the signal region. For
this measurement, the b-CR is not used, to simplify the statisti-
cal model. The omission of this control region in the fit does not
change the result. The signal template corresponds to the sum of
the Zy jj—EW and Zy jj—QCD templates, the relative amount be-
ing fixed to SM expectations. The cross-section is measured to be:
aggjj = 71 +2(stat.) 73 (syst.) T37 (mod.) fb

= 71133 fb.

This agrees with the SM predictions obtained by summing
the Zyjj—EW and Zy jj—QCD predictions obtained from MAD-
GRAPH5_AMC@NLO 2.3.3 and SHERPA 2.2.2, respectively,

fid., MADGRAPH+SHERPA
Zyjj
=88.4 + 2.4 (stat.) + 2.3 (PDF + as) 251 (scale) fb.

10. Conclusion

Evidence for electroweak production of two jets in association
with a Zy pair is presented using 36.1 fb~! of pp collision data
at /s =13 TeV collected with the ATLAS detector at the LHC. The
production cross-section of this process is measured in a fiducial
phase space approximating the acceptance of the analysis. This
measurement uses the leptonic decay of the Z boson into ete™
or utu~. The measurement is performed using a BDT to en-
hance the signal to background-ratio. The dominant backgrounds,
Zy jj—QCD, Z+jets and tt + y are all estimated from the data.
The background-only hypothesis is excluded with observed and ex-
pected significances of 4.1 standard deviations.

In the fiducial phase space the electroweak cross-section of the
Zy jj process is measured to be:

o8% i pw = 7-8 £1.5(stat.) £ 1.0(syst.) +a9 (mod.) fb,
=78 +20fb

in good agreement with the Standard Model predictions at LO in

perturbative QCD.
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