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1. Introduction
The study of the electroweak (EW) production of two vec-
tor bosons associated with two jets is a powerful test of the
Standard Model (SM) due to its sensitivity to the gauge-boson
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Fig. 1. Representative Feynman diagrams of the processes relevant to this analysis: (a) quartic gauge coupling VBS, (b) triple gauge coupling VBS, (c) electroweak non-VBS,

QCD-induced process with (d) gluon exchange or (e) gluon radiation.

troweak interaction. It provides the means to investigate vector-
boson scattering (VBS) processes (VV — VV with V=W, Z or
¥ ), which directly probe the electroweak symmetry breaking sec-
tor of the SM [1], and to extract constraints on anomalous gauge-
boson couplings [2]. Improved constraints probe scales of new
physics in the multi-TeV range and provide a way to look for sig-
nals of new physics in a model-independent way.

In particular, the study of the EW production of a Zy pair
associated with two jets (referred to as EW — Zy jj) is interest-
ing because it probes the neutral quartic gauge couplings, as for
the ZZ production but with a larger expected cross-section. These
couplings are forbidden at the lowest order in the SM. The EW pro-
duction of the Zy jj final state, shown in the top row of Fig. 1, con-
sists of both VBS processes directly sensitive to triple and quartic
gauge couplings, and non-VBS processes, which incorporate other
EW contributions.

In the VBS process two jets are typically present, one in the for-
ward direction and the other in the backward direction, while the
vector-boson pair is more centrally produced [3]. For such events
the scattered quarks are not colour connected and little hadronic
activity is expected in the gap between the two jets. This topol-
ogy allows VBS production to be distinguished statistically from
the production of Zy jj final states via mixed EW and quantum
chromodynamics (QCD) mechanisms, referred to as QCD — Zy jj.
The bottom row of Fig. 1 shows examples of some QCD — Zy jj dia-
grams where the strong interaction acts between the initial quarks,
or where the jets arise from the strong interaction. The Zy jj
production via EW and QCD mechanisms interfere constructively
when the initial and final states are the same, with an interference
term at the level of 7%.

Previous experimental results of EW —Zy jj production with
the Z decaying into charged leptons were published by the ATLAS
and CMS collaborations using data collected at /s = 8 TeV [4,5].
Evidence of the process was reported by both experiments using
partial data sets collected at /s = 13 TeV using 36 fb~! [6,7], and
the process has been observed by CMS [8] using the full Run 2 data
sample. The measurement of the total Zy jj cross-section has been
reported recently by ATLAS [9]. The results presented here comple-
ment this previous paper by providing a measurement of the total

Zy jj cross section in a VBS-like region, which is useful to obtain
a detailed characterization of this process in a region sensitive to
new physics.

The analysis described here exploits the full data sample col-
lected with the ATLAS detector in Run 2 at a centre-of-mass en-
ergy of /s = 13 TeV corresponding to an integrated luminosity
of 140 fb~!. This Letter reports the observation by ATLAS of the
EW — Zy jj process, where the Z boson decays into either ete™
or ut = pairs, and its fiducial and differential cross-section mea-
surements in several observables: the transverse momentum of the
leading lepton ( plT, sensitive to process modelling), the transverse

momentum of the jets (p.]r), the invariant mass of and absolute
rapidity difference between the two leading jets (mj; and |Ay|,
sensitive to the EW — Zy jj and QCD — Zy jj kinematic differences),
the transverse momentum of the photon and Zy systems and the
absolute azimuthal difference between the Zy system and the two
leading jets (E%, pfy and |A¢(Zy, jj)|, potentially sensitive to
new physics effects).

The fiducial and differential cross-sections that include the
QCD — Zy jj contribution are also reported for the same observ-
ables, in addition to the Z boson transverse momentum ( p%) and
the centrality of the Zy jj system (¢(Zy ), described in Section 4).

The measurement of the EW and total fiducial cross-sections
presented in this Letter improves upon the precision of the pre-
vious ATLAS result [6] and several variables are measured for the
first time differentially in these processes (pfy, [AG(Zy, ji)l, p%
and ¢(Zy).

The layout of the Letter is as follows: the ATLAS detector is
briefly described in Section 2, the data sample and the simulated
signal and background Monte Carlo (MC) samples used in the anal-
ysis are presented in Section 3, while the event reconstruction
and selection are reported in Section 4. The determination of the
background and event yields are discussed in Section 5 and the
experimental and theoretical uncertainties are presented in Sec-
tion 6. The procedure to extract the signal and to measure the
differential cross-sections are described in Sections 7 and 8. Finally,
Section 9 presents the cross-section measurements, and conclu-
sions are drawn in Section 10.
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2. ATLAS detector

The ATLAS detector [10] at the LHC is a multipurpose particle
detector with a forward-backward symmetric cylindrical geome-
try! and nearly 47 coverage in solid angle. It consists of an inner
tracking detector (ID), electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS). The ID, surrounded by a thin su-
perconducting solenoid delivering a 2 T magnetic field, provides
precision tracking of charged particles and momentum measure-
ments in the pseudorapidity range of |n| < 2.5. A high-granularity
electromagnetic (EM) sampling calorimeter covers the pseudora-
pidity range of |n| < 3.2, and a coarser granularity calorimeter
up to || =4.9. The hadronic calorimeter system covers the en-
tire pseudorapidity range up to |n| =4.9. The MS consists of three
large superconducting toroids each containing eight coils, a system
of trigger chambers, and precision tracking chambers, which pro-
vide trigger and tracking capabilities in the range |n| < 2.4 and
In| < 2.7, respectively. A two-level trigger system [11] is used to
select events. The first-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by
the software-based high-level trigger system, which runs offline re-
construction.

An extensive software suite [12] is used in data simulation, in
the reconstruction and analysis of real and simulated data, in de-
tector operations, and in the trigger and data acquisition systems
of the experiment.

3. Simulated event samples

MC simulated samples are used to model the EW — Zy jj sig-
nal and a variety of background processes. The signal process
was generated at leading-order (LO) accuracy (at order a‘E‘W.
where opw is the electroweak coupling constant) using MAD-
GRAPH5_aMC@NLO 2.6.5 [13] with the default dynamical scale
choice and the NNPDF3.1 LO parton distribution function (PDF)
set [14]. PyTHIA 8.240 [15] with the ‘dipoleRecoil’ option turned on,
and configured with the A14 set of tuned parameters (tune) [16],
was used to add parton-showering, hadronisation and underlying
event activity. The signal MC was also interfaced with HERWIG ++
2.7.1 [17,18] for parton showering, hadronisation and underlying
event activity. The comparison between the two samples is used to
estimate the uncertainties due to the choice of the parton shower-
ing and underlying event models.

The dominant background in the cross-section measurement
of the EW production of Zyjj events is represented by the
QCD — Zy jj process. Two sets of MC samples are used to model
this final state. The nominal sample was produced with SHERPA
2.2.11 [19,20], where matrix elements were calculated with up to
one additional parton at next-to-leading order (NLO) and up to
three additional partons at LO. The matrix element calculation in-
cluded all diagrams at order a%w. The virtual QCD corrections for
matrix elements at NLO accuracy were provided by the OPENLoOPS
library [21]. The merging of the matrix element and parton shower
(PS) was performed with MEPS@NLO [22,23]. The NNPDF3.0 next-
to-next-to-leading-order (NNLO) PDF was used in conjunction with
a dedicated PS tuning developed by the SHERPA authors. An al-
ternative sample was produced with MADGRAPH5_aMC@NLO 2.3.3
and used for cross checks. This sample has the default dynamical

1 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 upwards. Cylindrical coordinates (r, ¢) are used in the transverse (x, y)
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle 6 as n = —Intan(f/2). Angular distance is measured in
units of AR =/(Ay)? + (A¢g)2.
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scale using the NNPDF3.0 NLO PDF set. The matrix element calcu-
lation in this sample includes all diagrams at order a2, and the
emission of up to two extra final-state partons, where up to one
additional final-state parton is at NLO.

Additionally, for the evaluation of the theoretical uncertainty, a
set of four samples was generated at particle level using SHERPA
2.211 with the NNPDF3.0 NNLO PDF set, as well all other gen-
eration parameters being the same as the nominal SHERPA 2.2.11
sample, in order to provide results with alternative merging and
resummation scales. Two samples were produced with merging
scale variations (QCUT=15 GeV and QCUT=30 GeV) and two sam-
ples with resummation scale factors (QSF=0.25 and QSF=4).>

Interference between the EW and QCD processes was estimated
at LO accuracy using the MADGRAPH5_aMC@NLO 2.3.3 MC event
generator with the NNPDF3.0 LO PDF set including contributions
to the sum of the amplitudes of the matrix element squared at
order asagw. These interference effects are found to be positive
and about 7% of the EW — Zy jj cross-section in the fiducial phase
space studied. This effect is included as a systematic uncertainty
in the signal prediction.

In all samples described above, photon isolation criteria were
imposed at parton level making use of the smooth-cone isolation
prescription introduced in Ref. [24]. This procedure removes con-
tributions in which the photon is produced from quark or gluon
fragmentation in an infrared safe way to all orders of perturbation
theory. The chosen isolation parameters are §o = 0.1, € = 0.1 and
n=2.

The second-largest background, arising from the Z+jets process
with one of the jets misidentified as a photon, is estimated with
a data-driven method. A MC sample is only used to estimate a
correlation factor between different control regions as explained in
Section 5. This sample was produced with POWHEGBox v1 [25-27]
at NLO accuracy with the CT10 [28] NLO PDF set, interfaced to
PyTHIA 8.210 [15] with the AZNLO tune [29].

The third-largest background, arising from the tty process was
generated at LO accuracy with MADGRAPH5_aMC@NLO using the
NNPDF 2.3 LO PDF set [30] and was interfaced to the PyTHIA 8.212
generator, configured with the A14 tune [16]. An NLO factor of 1.44
was applied, based on the value found in an analysis of tty pro-
duction at +/s =13 TeV by the ATLAS Collaboration [31], which
normalizes the LO prediction from this MC sample to an NLO cal-
culation in the fiducial phase-space region used in the tty analysis
in the dilepton channel. The predicted contribution from this back-
ground is validated using an epy control region as explained in
Section 5.

All other backgrounds are smaller and are estimated with MC
simulation. The background process QCD — WZ(Ivil) was generated
with SHERPA 2.2.2 at NLO with up to one additional parton, us-
ing the NNPDF3.0 NNLO PDF set. The EW — WZ(Ivll) jj background
was generated with MADGRAPH5_aMC@NLO 2.6.2 at LO accuracy,
using the NNPDF3.0 LO PDF set and interfaced to PyTHiA 8.235.
The WWy background is only considered in the euy control re-
gion study and was generated with SHERPA 2.2.5 at NLO, using the
NNPDF3.0 NNLO PDF set.

The simulated samples are overlaid with additional proton-
proton interactions (pile-up) generated with PyTHIA 8.186 using
the A3 tune [32] and the NNPDF2.3LO PDF set [30]. MC events
are reweighted to better reproduce the distribution of the mean
number of interactions per bunch crossing observed in data. All
generated events were passed through the ATLAS detector simu-
lation [33] based on GEANT4 [34] and processed using the same

2 QCUT indicates the scale for the calculation of the overlap between jets from the
matrix element and the parton shower and is nominally 20 GeV, and QSF represents
the scale used for the resummation of the soft gluon emissions and is nominally 1.
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reconstruction software as for data. Scale factors are applied to the
simulated events to correct for small differences between them
and data in the trigger, reconstruction, identification and isola-
tion efficiencies for photons, electrons and muons. Furthermore, in
simulated events electron, photon and jet energy and the muon
momentum are smeared to account for the small differences in
resolution between data and simulation.

4. Event reconstruction and selection

The data were collected between 2015 and 2018 during proton-
proton collisions at /s = 13 TeV. The integrated luminosity of the
sample used for the analysis is 140 fb~!. The sample only includes
data recorded with stable beam conditions and with all relevant
subdetector systems operational [35].

Events were selected using unprescaled single lepton and dilep-
ton triggers [36,37] with transverse momentum (pt) thresholds
that depended on the lepton flavour and running period. In 2015 a
single-electron or muon trigger, with pt above 24 and 20 GeV re-
spectively, was required while in the following years these thresh-
olds were set to 26 GeV for both flavours of leptons. Additional
single-lepton triggers with higher pr thresholds but with looser
identification criteria were also used to increase the total data-
taking efficiency. Events with a pair of electron candidates with
pr > 12 GeV, or a pair of muon candidates satisfying pt > 18 GeV
and pt > 8 GeV for the leading and subleading muons, were also
selected at trigger level in 2015. In the following years these dilep-
ton trigger thresholds were increased up to 24 GeV for the dielec-
tron case and 22 (8) GeV for the leading (subleading) muon for
the dimuon case. The trigger efficiency for events satisfying all the
selection criteria described below is about 99%.

Events are required to have at least one collision vertex recon-
structed from at least two tracks, where the tracks must have a pt
larger than 500 MeV. The hard-interaction vertex of the event is
chosen as the one with the largest value of the sum of the squared
transverse momentum of the associated tracks.

Electron candidates, reconstructed from topological clusters of
energy deposited in the EM calorimeter that are matched to an
ID track, are required to satisfy the medium likelihood identifi-
cation criterion of Ref. [38]. This is based on a combination of
shower shape information from the EM calorimeter and tracking
information from the ID. Electron candidates are required to have
pt > 20 GeV and |n| < 2.47 but excluding the transition region be-
tween the barrel and endcap electromagnetic calorimeters (1.37 <
In| < 1.52). The overall efficiency of the electron reconstruction
and identification is about 80% for electrons with pr ~ 20 GeV and
increases with pr.

Muon candidates, reconstructed by matching tracks in the ID
with tracks in the MS, are required to satisfy the medium iden-
tification criterion of Ref. [39]. This includes requirements on the
number of hits matched to the tracks reconstructed in the ID and
in the MS, and on the probability that the ID and MS momentum
measurements are compatible. Muon candidates are required to
have pt > 20 GeV and |n| < 2.5. The overall efficiency of the muon
reconstruction and identification is above 97% with no strong de-
pendence on pr.

Electron and muon candidates are required to originate from
the primary vertex. The significance of the transverse impact pa-
rameter, defined as the absolute value of the track transverse
impact parameter, |dp|, measured relative to the hard-interaction
vertex and divided by its uncertainty, is required to be less than
five for electrons and less than three for muons. Furthermore, for
both electrons and muons the difference Azy between the value of
the z coordinate of the point on the track at which dg is defined,
and the z position of the primary vertex, is required to satisfy
|Azg - sinf| < 0.5 mm (where 6 is the track polar angle).
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Photon candidates are reconstructed and identified using algo-
rithms based on the expected shapes of showers developing in the
electromagnetic calorimeter [38]. Both converted and unconverted
candidates® are retained. Photon candidates are selected if they are
reconstructed within the fiducial volume of the central calorimeter
(Inl < 2.37) and outside the transition region between the barrel
and endcap electromagnetic calorimeters (1.37 < |n| < 1.52).

Photon, electron and muon candidates are required to be iso-
lated from other particles. In all cases, the isolation criteria are
based on the sum, p°, of the scalar transverse momenta of tracks
with pr > 1 GeV, and on the sum, EX°, of the transverse en-
ergy of topological clusters, within cones of size AR around the
photon or lepton candidates, excluding the contribution of the can-
didates themselves. The calorimeter isolation is also corrected on
an event-by-event basis for the contribution from the underlying
event and pile-up. Electron candidates are required to satisfy the
FCLoose isolation criteria of Ref. [38] with a cone of size AR = 0.2.
The efficiency of the isolation criteria is greater than 95% for elec-
trons with pt > 20 GeV. Muon candidates are required to satisfy
the PflowLoose_FixedRad isolation criteria of Ref. [39] with a cone
of size AR = 0.2. The efficiency of the isolation criteria is greater
than 90% for muons with pt > 20 GeV.

Photon candidates are required to satisfy the FixedCutLoose iso-
lation criteria of Ref. [38]. The photon isolation criterion employs a
cone of size AR = 0.2 for both the track and calorimeter isolation,
and requires pi°/EY < 0.05 and Ei°/EY < 0.065, where EJ is the
photon transverse energy.

At least one isolated photon, satisfying tight identification re-
quirements is required. The efficiency of the tight photon iden-
tification criterion, for isolated photons, ranges from 80—85% for
photons of transverse energy E¥ ~ 25 GeV depending on the pseu-
dorapidity region of the detector and on the conversion status of
the candidate.

Jets are clustered using the anti-k; algorithm [40,41] with a
radius parameter of R = 0.4. The inputs to the algorithm are ob-
tained with a particle flow procedure using topological clusters in
the calorimeter and reconstructed tracks [42].

Jets are calibrated and corrected for detector effects using a
combination of simulated events and in situ methods. Jet candi-
dates are required to have pt > 25 GeV and rapidity |y| < 4.4. Jets
with pr <60 GeV and |n| < 2.4 are required to be consistent with
originating from the primary vertex using the tight working point
of the jet vertex tagging algorithm of Ref. [43].

A procedure to remove ambiguities in the particle reconstruc-
tion is applied: jet candidates are removed if they overlap with
electron or photon candidates, i.e. AR(j,e) < 0.2 or AR(j,y) <
0.4, then leptons are removed if they are close to a jet candidate,
i.e. AR({,j) <04 (£ = e, u), photons are removed if they are
close to a lepton candidate, i.e. AR(y,¢) < 0.4 and finally elec-
tron candidates are removed if they overlap with muon candidates
i.e. AR(u,e) <0.2.

Events are required to have exactly two leptons of same flavour
and opposite charge, at least one photon and at least two jets. One
of the electrons or muons in the lepton pair must be matched to
the electron or muon that triggered the event. Events are further
selected by requiring that the leading lepton has pt > 30 GeV and
that the leading photon has pt > 25 GeV and satisfies isolation and
tight identification requirements. To remove contributions from
low-mass resonances, the invariant mass m(£¢) of the opposite-
charge, same-flavour lepton pair must be larger than 40 GeV.

3 For the converted candidates, the photon cluster is matched to a reconstructed
conversion vertex formed either from two oppositely charged-particle tracks or from
a single track consistent with having originated from a photon conversion. For the
unconverted photons the photon cluster is matched to neither a conversion vertex
nor an electron track.
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To suppress events originating from leptonic Z decays where
one of the leptons has radiated a photon, the sum of my, and the
invariant mass of the ¢*¢~y system, Mg+¢-, formed from the lep-
ton pair and the highest-E ¥ photon candidate, must be larger than
182 GeV, approximately twice the mass of the Z boson, as adopted
in previous publications [4,6].

Furthermore, to enhance the VBS topology, events must have at
least two jets with p% above 50 GeV and a rapidity difference be-
tween them, |[Ay| > 1. The invariant mass of this pair of jets, mj;,
is required to be larger than 150 GeV for the total Zy jj process
measurements, and larger than 500 GeV for the Zy jj EW pro-
cess measurements. This selection significantly reduces the num-
ber of events with three bosons in the final state in first case, and
the number of QCD Zy jj background events in the second case.
Events containing b-tagged jets are rejected. The b-tagging algo-
rithm provides a working point with a 70% selection efficiency for
b-jets in an inclusive tf MC sample and rejection factors of ~ 10
and 400 for charm- and light-flavour jets, respectively [44]. The
two highest-pr jets satisfying these conditions are referred to as
VBS tagged jets. Events with additional jets of transverse momen-
tum above 25 GeV in the rapidity gap between the two VBS tagged
jets are rejected. The centrality of the £+£~y system relative to the
VBS tagged jets (j1 and j,) defined as

¢(Zy) = Vzy = Vj +Yj,)/2 ’ 1)
Yih = VYi
where y indicates the rapidity, is required to be less than 5.

For the EW Zy jj signal extraction, within the mj; > 500 GeV
region, the selected events are further split into a signal region
(SR, ¢(Zy) < 0.4) and a QCD control region (CR, ¢(Zy) > 0.4) as
explained in Section 7. For the measurements of the full Zy jj pro-
cess, within the relaxed mj; > 150 GeV region, only the region
¢(Zy) < 0.4 is used, referred to as ‘Extended SR’. This variable has
been chosen to build the signal and control regions because it has
been found to be almost uncorrelated with mj;.

The observed total number of events in the mj; > 500 GeV SR
and CR is 562 and 274 respectively. In the mj; > 150 GeV Extended
SR phase space, the observed total number of events is 1461.

5. Background estimation

The main source of background in the cross-section measure-
ment of the EW production of Zy jj final states consists of Zy jj
events from QCD-induced processes. The shape of this background
is estimated from simulation and the normalisation is determined
simultaneously with the signal strength via a maximum-likelihood
fit to the mj; data distribution in the SR and CR that are de-
fined in Section 4. A QCD — Zy jj normalisation parameter, together
with the signal normalisation is extracted and the CR is used
to constrain the systematic uncertainties in both QCD—Zy jj and
EW — Zy jj processes. The fit procedure is described in Section 7.

The second-largest background (and largest background for the
total Zyjj cross-section measurements) arises from the Z+jets
process with a jet misidentified as a photon and is referred to
as non-prompt photon background. This contribution is estimated
in data separately in the SR, Extended SR and CR using a two-
dimensional sideband method [45] similar to that applied in the
previous analyses [4,6] and includes the background deriving from
both EW and QCD Z+jets induced processes. In this procedure
the selection criteria that define the SR, Extended SR and CR are
applied to data except for the photon identification and calorime-
ter isolation requirements. Photon candidates are split into those
that satisfy the tight ID requirements and those that do not. The
candidates that fail to satisfy the tight identification requirements
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Table 1

Summary of the observed number of events after the fit in EW signal (Ngw—zy jj),
QCD Zy jj (Nqcp-zyjj) ZyJi (Nzyjj), in background (Nz-jets, Nz, Nwzjj), and
in data (Nops). The quoted uncertainty corresponds to the post-fit statistical and
systematic uncertainties and includes the covariance. The individual uncertainties
can be correlated and do not necessarily add in quadrature to equal the total un-
certainty.

Sample Ext. SR, mj; > 150 GeV ~ SR, mj; > 500 GeV (R, mj; > 500 GeV
NEw-zyjj 269 £+ 27 25+6

Nqcp-zyji 245421 224418

Nzyijj 1292 £50

Nzijets 78 £30 21+8 16+5

Ny 73+11 16+2 8+1

Nwz 17+3 9+2 4+1

Total 1461+ 38 560 + 23 277+17

Nobs 1461 562 274

are required to satisfy a non-tight selection criterion that removes
requirements on four of the nine EM calorimeter shower shape
variables required for tight photons. These two samples are fur-
ther split according to whether the photon satisfies the calorimeter
isolation criteria or not. A prompt photon region and three con-
trol regions are then defined using this method. The number of
Z+jets events in SR, CR and Extended SR is obtained from the
number of events in the three control regions by assuming that
the ratio of non-prompt isolated and non-isolated photon candi-
dates is the same for tightly identified photons and for photons
failing to satisfy the tight identification criteria. The small residual
correlation between the two variables and the leakage of prompt
photon candidates into the non-prompt photon region are esti-
mated from simulation. The correlation is also estimated in data
using a control region where the photon fails track isolation and
the difference between the MC and data results are included in the
systematic uncertainty (Section 6). The shape of this background is
obtained from both control regions where the photon candidate
fails to satisfy the tight identification criteria. Comparisons with
different control regions show that this choice does not introduce
any bias to the shape of the distributions.

The third-largest background arises from the tty process. It is
estimated from simulation and checked by comparing predictions
with data using an ey data sample where the same selections
are applied as those that define the SR, Extended SR and CR, ex-
cept that a different-flavour lepton pair is chosen instead of a
same-flavour pair. The very small number of non-tty events in
this sample is estimated either from simulated events, for events
with a prompt photon, or with the procedure described above for
events with a jet misidentified as a photon. Predictions are com-
pared with data in the control regions epy _SR, ey _Extended_SR
and ey _CR, before or after requiring that the events have at least
one b-jet. In both cases it is found that predictions must be scaled
by a factor of 1.44+ 0.22 (i.e., an uncertainty of + 15%) to describe
the data well, in agreement with previous studies [31].

The background contribution due to WZjj events is minor
and is evaluated from simulation while the contribution from
other processes is found to be negligible. In the SR, it is esti-
mated that 48% of the events come from EW —Zyjj and 44%
from QCD — Zy jj, compared to 9% and 81% for EW —Zy jj and
QCD —Zy jj in the CR, respectively. In the Extended SR, it is es-
timated that 88% of events come from Zy jj.

The yields of the different sources of background, after the fit
to extract the signal is performed, are shown in Table 1.

6. Systematic uncertainties
The overall uncertainties in the differential cross-section mea-

surements are dominated by the statistical uncertainty in the
data, and the inclusive cross-section measurement uncertainties
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are shared equally between the statistical and systematic uncer-
tainties.

Systematic uncertainties that affect the acceptance and the
shape of the mj; distribution for the fiducial cross-section mea-
surement and of the other observables for the differential cross-
section measurements for both signal and backgrounds are consid-
ered. The EW — Zy jj and QCD — Zy jj normalisations are extracted
from a likelihood fit. Systematic uncertainties in the shapes and
normalisation of distributions are only considered if they are found
to make an impact on the result, which is translated into a thresh-
old for only considering the uncertainties that are larger than 0.5%
for all measurements except for the EW — Zy jj differential cross-
section for which the threshold is 1%, due to larger statistical
uncertainties in this measurement. Uncertainties that are smaller
than these thresholds are found to make no difference to the re-
sults when added to the fit.

The experimental systematic uncertainties that are accounted
for in the analysis include uncertainties in the energy scale and
resolution of jets, photons and electrons, in the scale and resolu-
tion of the muon momentum and uncertainties in the scale fac-
tors applied to simulation to reproduce the trigger, reconstruction,
identification, and isolation efficiencies measured in data. Uncer-
tainties due to the suppression of pile-up jets and to the b-jet veto
are also considered.

The largest of these experimental uncertainties, in all cross-
section measurements, are related to the jet energy calibration and
response, and are at the level of 3% in most of the measured bins,
but can reach 7% in highest bin of the mj; differential measure-
ment. The dominant uncertainties associated with photons are due
to the identification and isolation efficiencies [46], which are both
about 1% with a negligible dependence on mjj, but can reach 3%
in the highest bin of p)T’ differential cross-section measurement.
Uncertainties in the lepton reconstruction, identification, isolation,
trigger efficiency, energy/momentum scale and resolution are de-
termined using Z — ¢¢ events [38,39,47]. The dominant contri-
bution comes from the electron identification efficiency, which is
about 1% with a negligible dependence on mj;, but can reach about
4% in the highest bin of the p’T differential measurement. The un-
certainty associated with the pile-up modelling depends on mj;
and is 2% on average. The uncertainty in the combined 2015-2018
integrated luminosity is 0.83% [48], obtained using van der Meer
beam separation scans during dedicated running periods.

The overall uncertainty related to the background estimation is
the second largest experimental uncertainty in the cross-section
measurements, at the level of 1-2% depending on the variable or
process measured. A 35% uncertainty on the normalisation of the
Z+jets background is used.

It is extracted along with the data-driven procedure described
in Section 5 and it accounts for the uncertainty in the number
of events in the two-dimensional sideband method used to esti-
mate this background (statistical component). It also includes the
uncertainty related to the estimate of the correlation between the
photon identification and isolation requirements and to the leakage
of the prompt photons into the non-prompt regions. The statistical
component dominates. The uncertainty derived from the evalua-
tion of the shape of the Z+jets background in different observ-
ables is found to be negligible. A 15% and a 20% yield uncertainty,
derived from the data-driven normalisation correction (see Sec-
tion 5) and from QCD scales and PDF variations, is assigned to the
estimate of the normalisation of the tfy and W*Z — lilv back-
grounds, respectively. Other sources of background, including one
due to the superposition of pile-up events, are found to be negli-
gible and therefore the related uncertainties are neglected.

The main theoretical uncertainties that are considered in the
analysis are related to the scale and PDF set choices in the MC
generation of the signal and the QCD — Zy jj background. The ef-
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fect of missing higher orders is estimated by changing the default
values of the renormalisation and factorisation scales, wg and pr,
by a factor of 0.5 and 2.0 with the constraint that the ratio 0.5 <
MR/ < 2. The maximal change in the shape of distributions from
these variations is taken as the associated uncertainty. This proce-
dure is performed for the EW —Zy jj and QCD — Zy jj processes
using the nominal MADGRAPH5_aMC@NLO and SHERPA 2.2.11 sam-
ples, respectively. The uncertainties due to the choice of PDF in
the shape of distributions for the EW — Zy jj and QCD — Zy jj pro-
cesses are evaluated using the eigenvalues of the PDF set follow-
ing the PDFALHC prescription [49]. To account for the uncertain-
ties related to the modelling of QCD — Zy jj, the impact of the
merging and resummation scale is derived using the five SHERPA
2.2.11 samples with different QCUT and QSF scales as described
in Section 3. Signal uncertainties due to the choice of the parton
showering and the underlying event model are estimated by inter-
facing the signal MC to either PyTHIA or HERwIG and the five up
and down eigenvariations of the A14 tune. The parton shower un-
certainty from taking the difference between HERwIG and PYTHIA
is dominant and has a strong shape component. Parton shower
and underlying event uncertainties are uncorrelated. The under-
lying event uncertainty is obtained by taking the envelope of the
maximum variations bin by bin.

The interference between the EW signal and the QCD — Zy jj
background is not included as part of the EW signal in the fit that
extracts the EW signal. Instead this contribution is directly com-
puted with MADGRAPH5_aMC@NLO and the size and shape of the
interference contribution is taken as an extra template uncertainty
on the signal. The overall size effect is 7% in the phase space ded-
icated to the signal measurement and the shape varies depending
on the variable studied, with typically larger interference effect
where the QCD — Zy jj background dominates. Another source of
uncertainty arises from the finite size of the MC (at the level of
1%) and the data samples (ranging from 9% to 22% depending on
the measurement, variable and bin considered).

The implementation of these uncertainties in the various mea-
surements performed are described in Sections 7 and 8 and their
final impact on the measurements is discussed in Section 9. Table 3
provides a breakdown of the uncertainties in the final measure-
ment.

7. Signal extraction procedure

To extract the EW — Zy jj cross-section, the signal strength pa-
rameter defined as

HEW = U,EXXS/%%’ (2)
is introduced in both the SR and CR, and obtained with a
maximum-likelihood fit simultaneously to the data mj; distribu-
tions in both regions using template MC distributions. In Eq. (2)
the numerator indicates the measured EW —Zy jj cross-section
and the denominator is the expected EW — Zy jj cross-section. An
unconstrained normalisation parameter is introduced in the SR and
CR for the QCD — Zy jj contribution and is extracted simultane-
ously with pgw.

The significance of observing the EW — Zy jj process is esti-
mated by using a profile likelihood ratio of the background only
hypothesis (gw = 0) and the best fit result (ugw = ft) [50]. The
EW —Zy jj cross-section is obtained from the signal strength by
multiplying it by the MC cross-section prediction in the SR region
defined at particle level.

The extraction of the full Zy jj cross-section is performed in
a very similar manner, adding together the relative fractions of
the EW —Zy jj and QCD — Zy jj mj; templates, as predicted from
MC, and defining the signal strength 1z, as parameter of inter-
est of the fit. No CR is used in this fit, and a wider region (with
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Fig. 2. Post-fit mj; distributions in (a) the mj; > 500 GeV SR (b) the mj; > 500 GeV CR and (c) the mj; > 150 GeV Extended SR. The uncertainty band around the expectation
includes all systematic uncertainties (including MC statistical uncertainty) and takes into account their correlations as obtained from the fit. The error bar around the data
points represents the data statistical uncertainty. Events beyond the upper limit of the histogram are included in the last bin.

mj;j > 150 GeV, the Extended SR) is used. The Zy jj cross-section
is obtained by multiplying the signal strength by the MC cross-
section prediction in the Extended SR defined at particle level.

In these two measurements, the electron and muon channels
are combined directly in the input histograms, by summing the
two contributions, such that a single template is used. Probabil-
ity density functions are built for the mj; templates in the SR,
Extended SR and CR based on a Poisson distribution and are com-
bined in an extended likelihood. Each source of uncertainty is
implemented in these functions as a nuisance parameter of the
likelihood fit with a Gaussian constraint, except for the MC statis-
tical uncertainty that is implemented with a Poisson constraint.

The uncertainties from the Z+jets, WZ and tty backgrounds
are treated as correlated between regions. All systematic uncer-
tainties except for the theoretical ones are correlated between pro-
cesses and between the two regions. The PDF and scale uncertain-
ties are not correlated between processes, and for the EW — Zy jj
process they are also not correlated between regions. Choos-
ing a different correlation scheme does not change the result.
The normalisation part of PDF and scale uncertainties are sub-
tracted to consider only acceptance effects on the signal. The in-
terference, parton shower and underlying event uncertainties in
the EW —Zy jj contribution are also not correlated between re-
gions. The merging and resummation scale uncertainties in the
QCD — Zy jj contribution are correlated between regions.

For the EW —Zy jj measurement, the difference in the pre-
dicted mj; shape between two different QCD —Zy jj MCs is the
same in the SR and CR within modelling uncertainties; therefore,
the mj; shape in the CR is used to validate the mj; shape of the
QCD — Zy jj background in the SR, and to constrain the correlated
systematic uncertainties.

Table 1 shows the observed total number of events and ex-
pected number of signal and background events in the SR, Ex-
tended SR and CR, after the fit is performed. The post-fit mj;
distributions are displayed in Fig. 2.

8. Differential cross-sections

The procedure to extract the EW —Zy jj and the Zy jj differ-
ential cross-sections of the variables discussed in Section 1 is ex-
plained below.

Table 2
Summary of selection criteria applied at particle level.

Lepton p% > 20, 30(leading) GeV, |n¢| < 2.5
Ng>2

EY > 25 GeV, |ny| <2.37

ESme20 < 0.07EY

AR, y)>04

Jet p}>50 GeV, |yj| <4.4

|Ay|>1.0

mj;j > 150 GeV or mjj > 500 GeV
Remove jets if AR(y, j) <0.4 or if AR(¢, j) <0.3
mye > 40 GeV

Meg + Megy > 182 GeV

t(Zy)<04

NEP =0

jets —

Photon

Event

8.1. Phase space definition

To define the phase space of the measurement, selection cri-
teria, which closely mimic the detector-level selection are applied
at particle level to the simulated signal. This selection is shown in
Table 2.

Only particles with a mean lifetime ¢t > 10 mm (referred to as
stable particles) are considered. Only photons and leptons that do
not originate from the decay of hadrons (or, for the leptons, from
T-lepton decays) are selected. They are referred to as prompt pho-
tons and leptons, respectively. Contributions from photons within
AR =0.1 of a lepton are summed together to correct the lepton’s
four-momentum, a procedure known as ‘dressing’.

At least one isolated photon with transverse momentum pt >
25 GeV and |n| < 2.37 is required. The photon isolation requires
that the scalar sum of pr for all stable particles (except neutrinos,
muons and the photon itself) within a cone of radius AR = 0.2
around the photon, ES""?0 is less than 7% of the photon pr. This
criterion is found to be closest to the detector level isolation crite-
ria used in the analysis.

The angular distance between the highest pr photon and each
of the two charged leptons selected is required to be AR > 0.4.

Jets are reconstructed using the anti-k; algorithm with radius
parameter R = 0.4 using stable particles, excluding neutrinos and
prompt electrons, muons and photons. Jets are considered if their
angular distance relative to each of the two charged leptons se-
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lected above is AR(j, ¢) > 0.3 and if the angular distance relative
to the highest pr isolated photon is AR(j, y) > 0.4.

The rejection of events containing b-tagged jets as described
in Section 4 is not applied in the fiducial phase space. Apply-
ing this selection would reduce the predicted EW — Zy jj fiducial
cross-section by less than 1% in both SR and CR, and the pre-
dicted QCD — Zy jj fiducial cross-section event yield by about 7%
in the Extended SR, with no kinematic dependence within the un-
certainties of the measurements. The assumption is made that the
simulation is correctly extrapolating from reconstructed to fiducial
phase space.

8.2. Unfolding procedure

To obtain the EW — Zy jj and the Zy jj cross-sections at particle
level in the fiducial volume discussed above, an unfolding proce-
dure is performed to correct for detector effects (signal efficiency
and acceptance effects). The unfolding procedure is the same as
described in Refs. [51,52] and based on a profile-likelihood ap-
proach.

The procedure is applied to the observed number of data events
per bin i N{*®° in the SR and Extended SR, and is related to the

number of events at fiducial level in bin j N?d by:
1 fid
N;—eC0=A—i2j:€jM,'ij (3)

where M;; is the migration matrix (where each entry represents
the normalised fraction of events at particle level in a bin j that
are reconstructed at detector level in a bin i), A; the acceptance
correction (fraction of detector-level events that are found both
in the fiducial volume and in the detector-level selection) and e;
the efficiency correction (fraction of events that are in the fidu-
cial volume that are found both in the fiducial volume and in the
detector-level selection). For the Zy jj measurement, the migration
matrix is built after having summed the EW and QCD contribu-
tions.

In this procedure, the particle-level bins j are treated as sep-
arate subsamples that are multiplied by their respective entries
in the response matrix and freely floating parameters (MJEW or

/LJZV, the signal strengths defined in Section 7 applied in bin j)
are assigned to each of these subsamples at detector level. In
the EW —Zy jj unfolding, the CR is fitted simultaneously with
the SR to extract the QCD — Zy jj bin by bin correction, together
with /L’EW. In this measurement, since the signal contamination
is smaller than 1% in the CR, an approximation is made whereby
the signal is treated as an additional background, and no response
matrix for the signal is built in the CR. Each bin in the particle-
level distribution is then ‘folded’ through the migration matrix via
Eq. (3) to the same number of bins at detector level. In the unfold-
ing procedure, no regularisation is applied.

For the EW —Zy jj unfolding, the fraction of events in the
diagonal elements of the migration matrix ranges between 80%
(1A¢(Zy, ji)) and 99% (EY, p2”, p., |Ay|). The acceptance cor-
rections are on average around 89% improving as the variable in-
creases, for all variables except |Ay| for which there is no obvious
dependence. The efficiency corrections are at a level of 47% on
average, and show similar trends as observed for the acceptance
corrections.

For the Zy jj unfolding, the fraction of events in the diagonal el-
ements of the migration matrix ranges between 82% (|A¢(Zy, ji)l)
and 98% (|Ay| and p)T/ ). The acceptance corrections are on average
around 76% improving as the variable increases, for all variables
except |Ay| and ¢(Zy) for which there is no obvious dependence.
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The efficiency corrections are at a level of 40% on average, and
show similar trends as observed for the acceptance corrections.

The systematic uncertainties considered for the unfolded results
are the same as for the results at detector level (see Section 6) and
are calculated via the migration matrices. Several checks are per-
formed to verify the robustness of the procedure: an injection test
with non-SM cross-section values to check if this can be recovered
in the unfolding procedure, the use of alternative MC predictions
for the QCD — Zy jj process and data-driven reweighting of the MC
templates using the same observables or alternative ones. None of
these checks show any noticeable effect on the unfolding results,
and thus no additional uncertainty is assigned to the unfolding
procedure.

9. Results

The EW — Zy jj measured signal strength is
ew = 1.02 +0.09 (stat) + 0.09 (syst)

_ +0.13
=1.02101.

There is a clear observation of the signal, with a background-
only hypothesis rejected with a significance well above 5 standard
deviations. The normalisation parameter of the QCD — Zy jj back-
ground, constrained by data in the SR and CR is measured to be
1.18+0.10.

The fiducial cross-section for the electroweak pp — Zy jj pro-
cess in the phase space defined in Section 8 is obtained by com-
puting the product of the signal strength and the predicted cross-
section. The result is:

OFW — 3.6+05f

to be compared with he predicted value from
MADGRAPH5_aMC@NLO 2.6.5 (interfaced with PyYTHIA) (see Sec-
tion 3), which gives:

obred =35+02 b,

The PDF and scale theoretical uncertainties in the prediction are
evaluated using the procedure described in Section 6.

The breakdown of the systematic uncertainties in the EW —Zy jj
cross-section is shown in Table 3.

The total cross-section of the process pp — Zy jj in the fiducial
phase space, which includes the QCD —Zy jj and the EW — Zy jj
contributions, is obtained by multiplying the signal strength value
Mzyijj by the predicted total Zy jj cross-section in the Extended SR,
where (tzyjj = 1.07 & 0.12. The measured total Zy jj cross-section
is thus:

oz, =168,

to be compared with the sum of predictions of
MADGRAPH5_aMC@NLO 2.6.5 interfaced with PytHiA (EW contri-
bution) and SHERPA 2.2.11 (QCD contribution):

pred __ +5.0
0z, =15775¢fb.

The PDF and scale theoretical uncertainties in the prediction
are evaluated using the procedure described in Section 6. Uncer-
tainties are treated as uncorrelated between the EW —Zy jj and
QCD — Zy jj contributions.

The breakdown of the systematic uncertainties in the Zy jj
cross-section is shown in Table 3. The differential cross-sections
are shown in Figs. 3, 4, 5 and 6.

In the SR phase space, the following variables are measured in

two or three bins: pl, pl, EY, p2”, mjj, |Ay| and |A¢(Zy, ji)l.



The ATLAS Collaboration

Table 3
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The breakdown of the systematic uncertainties in the EW —Zy jj and Zy jj cross-sections. The “Back-
ground” component includes uncertainties on Z-+jets, tty and W Z backgrounds. The “Reco” component
includes uncertainties from electrons, photons, muons, jets, flavour tagging and pileup. The “EW mod.”
component includes interference, parton shower, underlying event, PDF and QCD scale uncertainties in
the EW — Zy jj process. The “QCD mod.” component includes merging scale, resummation scale, PDF and

QCD scale uncertainties in the QCD — Zy jj process.

Data stat. MC stat. Background Reco EW mod. QCD mod. Total
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Fig. 3. The EW — Zy jj differential cross-section in the Signal Region as a function of (a) the leading lepton pr, (b) the leading photon pr, (c) the leading jet pr and (d) the
Zy system pr. The lower panels show the ratios of the MC predictions to the data. The band around the unfolded data represents the total uncertainty (including statistical
uncertainty) and takes into account the correlations as obtained from the fit. The hatched area represents the uncertainty in the prediction. Events beyond the upper limit

of the histogram are included in the last bin.

The variables |Ay| and mj; are particularly sensitive to the
kinematic difference between QCD — Zy jj and EW — Zy jj events
(highest bins being dominated by EW — Zy jj events), which make
them important variables for VBS studies. They are measured with
a precision ranging from about 25% (lowest bin) to about 15% (the
highest bin, covering the range 1.5 TeV to 5 TeV for mj; and 3.5
to 9 for |Ay|). The variables pfy, E?r/ and |A¢(Zy, jj)| are usu-
ally studied for their sensitivity to new physics effects [4,8,53].
They are measured in the ranges of 0-700 GeV, 25-500 GeV and
0-, respectively, with a precision of 15-20% depending on bins
and variables. The variables pf” and (|A¢(Zy, jj)|) are in addi-
tion measured differentially for the first time at the LHC. Trans-

verse momentum p} and pj are also measured in the ranges of
30-1000 GeV and 50-1000 GeV respectively with a precision of
around 25-30% in the last bin. The MADGRAPH5_aMC@NLO pre-
dictions reproduce the data well everywhere within uncertainties,
except for |A¢(Zy, jj)| where a ~two standard deviation discrep-
ancy in the lowest bin of EW — Zy jj measurement is seen. In
the Extended SR phase space, the same variables are measured
in the same ranges for the total Zy jj process with five bins in
most cases, except for mj; where the lower range is extended to
150 GeV, and p. and pZ” for which the higher range is reduced
to 500 GeV. The measurements in this process are also more pre-
cise, on average around 10%, ranging from ~7% to ~20% for lowest
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Fig. 4. The EW — Zy jj differential cross-section in the Signal Region as a function of (a) the dijet invariant mass, (b) the dijet rapidity difference and (c) the Zy and dijet
azimuthal difference. The lower panels show the ratios of the MC predictions to the data. The band around the unfolded data represents the total uncertainty (including
statistical uncertainty) and takes into account the correlations as obtained from the fit. The hatched area represents the uncertainty in the prediction. Events beyond the

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

to highest pr bins typically. In addition, p% (from O to 800 GeV)
and ¢(Zy) (from O to 0.4) are measured. These two variables are
also measured for the first time at the LHC for this process, with
a precision of about 10%. The sum of MADGRAPH5_aMC@NLO (for
EW — Zy jj) and SHERPA 2.2.11 (for QCD — Zy jj) predictions repro-
duce the measurements well within uncertainties.

10. Conclusions

This Letter presents a study of the production of events with
a Z boson, decaying into either an ete~ or utpu~ pair, a pho-
ton and two jets. The analysis uses 140 fb~! of LHC proton-proton
collision data recorded at /s = 13 GeV by the ATLAS detector dur-
ing the years 2015-2018. The data sample is enriched in events
from the EW — Zy jj process by requiring a large dijet invariant
mass and by using the information about the centrality of the sys-
tem. These selections characterise the signal region of the analysis.
The EW — Zy jj signal is extracted from a maximum-likelihood fit
to the mj; distributions in data simultaneously using this signal
region and a control region and relying on template MC distribu-
tions.

The EW — Zy jj process is observed by ATLAS in its charged lep-
tonic decay with a significance well above 5 standard deviations

10

by combining the electron and muon channels. The cross-section
of the EW —Zy jj process is measured with a precision of 13%
to be 3.6+ 0.5 fb in the signal phase space defined in the anal-
ysis, with mj; > 500 GeV, to be compared with the predicted
value from MADGRAPH5_aMC@NLO 2.6.5 which gives 3.5+ 0.3 fb.
The (EW + QCD) —Zy jj cross-section, which also includes con-
tributions where the jets arise from the strong interaction, is
obtained with a precision of 12%, in the mj; > 150 GeV phase
space. In the signal phase space of the analysis, the measured
(EW + QCD) — Zy jj cross-section is 16.8’_“%:3 fb to be compared
with the sum of predictions of MADGRAPH5_aMC@NLO 2.6.5 and
SHERPA 2.2.11 which gives 15.73:2 fb. These results are thus con-
sistent with the SM predictions. Differential cross-section measure-
ments as a function of the transverse momentum of the lead-
ing lepton, jet, photon, and Zy system, the invariant mass of
and absolute rapidity difference between the two leading jets,
the azimuthal difference between Zy system and the two lead-
ing jets, the Z boson transverse momentum, and the centrality of
the Zy jj system are measured for the EW — Zy jj and Zy jj pro-
cesses with precision around 20% and 10% on average respectively,
and all of them are found to be consistent with the SM predic-
tions.
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Fig. 5. The total Zy jj differential cross-section in the Extended SR as a function of (a) the leading lepton pr, (b) the leading photon pr, (c) the leading jet pr, (d) the Z
boson pr and (e) the Zy system pr. The lower panels show the ratios of the MC predictions to the data. The band around the unfolded data represents the total uncertainty
(including statistical uncertainty) and takes into account the correlations as obtained from the fit. The hatched area represents the uncertainty in the prediction. Events

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