PHYSICAL REVIEW D 93, 092004 (2016)

Measurements of W*Z production cross sections in pp collisions
at /s=8 TeV with the ATLAS detector and limits
on anomalous gauge boson self-couplings
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This paper presents measurements of W*Z production in pp collisions at a center-of-mass energy of
8 TeV. The gauge bosons are reconstructed using their leptonic decay modes into electrons and muons. The
data were collected in 2012 by the ATLAS experiment at the Large Hadron Collider and correspond to an

integrated luminosity of 20.3 fb~!. The measured inclusive cross section in the detector fiducial region is
Owtzppee = 35.1 £0.9(stat) £ 0.8(sys) £ 0.8(lumi) fb, for one leptonic decay channel. In comparison,
the next-to-leading-order Standard Model expectation is 30.0 & 2.1 fb. Cross sections for WTZ and W=Z
production and their ratio are presented as well as differential cross sections for several kinematic
observables. Limits on anomalous triple gauge boson couplings are derived from the transverse mass
spectrum of the W*Z system. From the analysis of events with a W and a Z boson associated with two or
more forward jets an upper limit at 95% confidence level on the W* Z scattering cross section of 0.63 fb, for
each leptonic decay channel, is established, while the Standard Model prediction at next-to-leading order is
0.13 £ 0.01 fb. Limits on anomalous quartic gauge boson couplings are also extracted.

DOI: 10.1103/PhysRevD.93.092004

I. INTRODUCTION

The study of W*Z diboson production is an important
test of the Standard Model (SM) for its sensitivity to the
gauge boson self-interactions, related to the non-Abelian
structure of the electroweak interaction. It provides the
means to investigate vector boson scattering (VBS) proc-
esses, which directly probe the electroweak symmetry
breaking sector of the SM, and to extract constraints on
anomalous triple and quartic gauge boson couplings (aTGC
and aQGC). Improved constraints can probe scales
of new physics in the multi-TeV range and provide a
way to look for signals of new physics in a model-
independent way. Precise measurements of W<*Z
production will also help to improve the existing QCD
calculations of this process.

This paper presents measurements of the W*Z produc-
tion cross section and limits on the aTGC and aQGC
obtained by analyzing proton-proton (pp) collisions at a
center-of-mass energy of /s = 8 TeV. The leptonic decay
modes of the W and Z bosons are used and all quoted
fiducial production cross sections include the branching
ratio of the gauge bosons into channels with electrons or
muons. The analyzed data sample was collected in 2012 by
the ATLAS experiment at the Large Hadron Collider
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(LHC), and corresponds to an integrated luminosity of
20.3 tb~!. Experimentally, W*Z production has the ad-
vantage of a higher cross section than ZZ production. At
the same time, with three charged leptons and the require-
ment that two of them originate from a Z boson, the
leptonic W Z final states are easier to discriminate from the
background than the leptonic WW final states.

Measurements of the W*Z production cross section have
been reported in proton-antiproton collisions at a center-
of-mass energy of /s = 1.96 TeV by the CDF and DO
collaborations [1,2] using integrated luminosities of
7.1 fb~! and 8.6 fb~!, respectively, and for /s = 7 TeV
proton-proton collisions, using an integrated luminosity of
4.6 fb~!, by the ATLAS Collaboration [3]. Limits on
anomalous charged-current gauge couplings were also
reported previously by the LEP, Tevatron, and LHC experi-
ments [4-6]. In hadron collisions, the selection of W*Z
final states allows direct access to the WW Z gauge coupling
without the need of disentangling it from the WWy gauge
coupling as in WEW¥ events from hadronic or e'e~
collisions.

Compared to the previously published measurements,
this paper uses data collected at a higher center-of-mass
energy with a fourfold increase in integrated luminosity and
presents additional measurements. The production cross
section is measured in a fiducial phase space inclusively
and as single differential cross sections as a function of
each of several kinematic variables: the transverse momen-
tum pr of the W and Z bosons, the jet multiplicity, the
transverse mass of the WZ system, m¥#, and the pr of the
neutrino associated with the W boson decay. An interesting
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feature of this last distribution is its sensitivity to the
polarization of the W boson, similar to the pt of the lepton
of the W boson decay. Finally, the distribution of the
absolute difference between the rapidities of the Z boson
and the lepton from the W boson decay is measured, which
was proposed as an alternative variable to look for aTGC
and was also found to be sensitive to the approximately
zero helicity amplitude that is predicted at leading order
(LO) in the SM [7,8]. Limits on aTGC are extracted
from the m%"z distribution, which is found to be less
sensitive to higher-order perturbative effects in QCD [9]
and electroweak (EW) theory [10,11] than other observ-
ables, e.g., p%.

The ratio of WTZ/W~Z integrated production cross
sections, sensitive to the choice of parton distribution
functions (PDF), is measured along with the evolution of
this ratio as a function of the kinematic variables introduced
above. Charge-dependent distributions may be helpful in
investigating CP violation effects in the interaction
between gauge bosons. This paper also includes a study
of W*Z vector boson scattering, characterized by the
presence of at least two forward jets, which is sensitive
to quartic gauge couplings. Events with a W*Zj final state
are used to set limits on the VBS cross section and on
aQGC in the WZWZ vertex.

The results are compared with the SM cross-section
predictions, which at present are fully calculated only up to
the next-to-leading order (NLO) in QCD [12,13].

The paper is organized as follows. The ATLAS detector
is described in Sec. II. The definition of the fiducial phase
space used in this paper is presented in Sec. III. Section IV
discusses the available theoretical predictions. Section V
provides details of the simulated samples used for the
measurements. A description of the data set and the
selection criteria are given in Sec. VI. Section VII presents
the background estimation, and Sec. VIII provides com-
parisons of observed and expected events and of kinematic
distributions at the reconstructed level. The procedure used
to correct for detector effects and for acceptance is
described in Sec. IX. The treatment of the systematic
uncertainties is detailed in Sec. X. Sections XI, XII, and
XIII describe the combination procedure of the four
leptonic W*Z decay channels and discuss the results.
Finally, concluding remarks are presented in Sec. XIV.

II. THE ATLAS DETECTOR

The ATLAS detector [14] is a multipurpose detector
with a cylindrical geometry and nearly 4z coverage in solid
angle. The collision point is surrounded by inner tracking
devices, which are followed in increasing distance from
the center by a superconducting solenoid providing a 2 T
axial magnetic field, a calorimeter system, and a muon
spectrometer.

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

Electromagnetic calorimetry in the region || < 3.2 is
based on a high-granularity, lead/liquid-argon (LAr)
sampling technology. Hadronic calorimetry uses a steel/
scintillating-tile detector covering the region |n| < 1.7 and
a copper/LAr detector in the region 1.5 < || < 3.2. The
most forward region of the detector 3.1 < || < 4.9 is
equipped with a dedicated forward calorimeter, measuring
electromagnetic and hadronic energies using copper/LAr
and tungsten/LAr modules.

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 toroids arranged with an eightfold azimu-
thal coil symmetry around the calorimeters. The high-
precision chambers cover a range of || < 2.7. The muon
trigger system covers the range || < 2.4 with resistive
plate chambers in the barrel, and thin gap chambers in the
end cap regions.

A three-level trigger system is used to select events in
real time. A hardware-based Level-1 trigger uses a subset of
detector information to reduce the event rate to a value of at
most 75 kHz. The rate of accepted events is then reduced to
about 400 Hz by two software-based trigger levels, Level-2
and the event filter.

II1. PHASE-SPACE DEFINITION

The phase-space definition used in this paper relies on
final-state prompt leptons2 [15] associated with the W and
Z boson decay, as explained in detail below.

At particle level, the kinematics of final-state prompt
electrons and muons is computed including the contribu-
tions from final-state radiated photons within a distance in

the (7, ¢) plane of AR = \/(An)? + (A¢)? = 0.1 around

the direction of the charged lepton.

These dressed leptons and the final-state neutrinos
that do not originate from hadron or 7z decays are
associated with the W and Z boson decay products
with an algorithmic approach, called “resonant shape.”
This algorithm is based on the value of an estimator
expressing the product of the nominal line shapes of the
W and Z resonances

'ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the 7z axis along the beam direction. The x axis points from
the IP to the center 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(0/2)].

A prompt lepton is a lepton that is not produced in the decay
of a hadron or a 7 or their descendants.
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TABLE 1.
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Phase-space definitions used for the total, fiducial, VBS cross-section measurements and for the extraction of limits on the

aTGC and aQGC. The symbols £, and £y refer to the leptons associated with the Z and W bosons, respectively. The symbol mbP¢
refers to the mean experimental mass of the Z boson from the Particle Data Group [16]. The other symbols are defined in the text.

Variable Total Fiducial and aTGC VBS aQGC
Lepton |7 <25 <25 <25
pr of £4, pr of £y [GeV] > 15, > 20 > 15, > 20 > 15, > 20
myz range [GeV] 66-116 |my, — mbPS| < 10 |my — mbPS| < 10 |m, — mbPS| < 10
m¥ [GeV] > 30 > 30 > 30
AR(¢7,¢5), AR(¢2.Cw) >0.2,>03 >02,>03 >0.2,>03
pr two leading jets [GeV] e > 30 > 30
;] two leading jets <45 <45
Jet multiplicity >2 >2
m; [GeV] > 500 > 500
AR(j.?) >0.3 >0.3
|Ap(W. Z)| > 2
> Pl [GeV] > 250

p 1 2 The integrated cross section, measured in the fiducial

2 PDG\2 | ;1PDG, PDG
’ Mg+ -y~ (mz>%) + il my
1
PDG\2 | .TPDG, PDG
— (my?)" + iy myy

2
X

()

m%f ")
where mbPS (mbPS) and TEPS (IEPS) are the world
average mass and total width of the Z (W) boson,
respectively, as reported by the Particle Data Group
[16]. The input to the estimator is the invariant mass m
of all possible pairs (£7,¢7) and (¢’,v,) satisfying the
fiducial selection requirements defined in the next
paragraph. The final choice of which leptons are
assigned to the W or Z bosons corresponds to the
configuration exhibiting the highest value of the esti-
mator. Using this specific association algorithm, the
gauge boson kinematics can be computed using the
kinematics of the associated leptons independently of
any internal Monte Carlo (MC) generator details.

The integrated and differential cross-section measure-
ments are performed in a fiducial phase space defined at
particle level by the following requirements: the pr of the
leptons from the Z boson decay is greater than 15 GeV, the
pr of the charged lepton from the W decay is greater than
20 GeV, the absolute value of the pseudorapidity of the
charged leptons from the W and Z bosons are less than 2.5,
the invariant mass of the two leptons from the Z boson
decay differs at most by 10 GeV from the world average
value of the Z boson mass m5PS. The W transverse mass,
defined as m¥ = /2 - pk - p& - [I — cos Ap(Z,v)], where
A¢p(Z,v) is the angle between the lepton and the neutrino in
the transverse plane, is required to be greater than 30 GeV.
In addition, it is required that the angular distance AR
between the charged leptons from W and Z decay is larger
than 0.3, and that AR between the two leptons from the Z
decay is larger than 0.2.

region of the detector, is extrapolated to a total phase space,
defined by requiring that the invariant mass of the lepton
pair associated with the Z boson decay is in the range
66 < m, < 116 GeV, and extrapolating to all decay chan-
nels of the W and Z bosons.

In order to define the VBS fiducial region for the cross-
section measurement, in addition to the inclusive fiducial
criteria, at least two jets with a p greater than 30 GeV and
an absolute value of the pseudorapidity #; below 4.5 are
required. These particle level jets are defined using the anti-
k; algorithm with a radius parameter R = 0.4. The angular
distance between all selected leptons and jets, AR(j, £), is
required to be greater than 0.3. If the AR(j, ¢) requirement
is not satisfied, the jet is discarded. The invariant mass of
the two leading jets, m;;, must be above 500 GeV to
enhance the sensitivity to VBS processes.

For setting limits on aQGC, the fiducial region definition
was optimized to give the best expected limits. Therefore,
in addition to the criteria used for the VBS fiducial cross-
section measurement, it is required that the difference in
azimuthal angle |A¢(W,Z)| between the W and Z direc-
tions is greater than 2 rad. In addition, in order to increase
the sensitivity to aQGC signals, the scalar sum of the
transverse momenta of the three charged leptons associated
with the W and Z bosons, Y | p%|, is greater than 250 GeV.

A summary of the phase-space definition used in this
paper is given in Table L.

IV. STANDARD MODEL PREDICTIONS
FOR W*Z PRODUCTION

The measured integrated cross section is compared with
the SM NLO prediction from the POWHEG event generator
[17-20], interfaced with PYTHIA 8.175 [21] for parton
showering (PS) and hadronization. The POWHEG MC event
generator implements the next-to-leading order QCD
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corrections to the production of electroweak vector boson
pairs at hadron colliders, including the full spin and decay
angle correlations [22]. This calculation is referred to as
POWHEG+PYTHIA later on. At a center-of-mass energy of
/s =8 TeV, in proton-proton collisions, the SM NLO
cross section for W*Z production in the fiducial phase
space defined in Sec. III, estimated with POWHEG+PYTHIA
using factorization and dynamic renormalization scales g
and pp equal to my, /2, where my,, is the invariant mass of
the WZ system, and the CT10 [23] PDF set, is

ohd® . ., =30.0+ 0.8(PDF) £ 1.3(scale) fb.

The predicted cross sections for WZ and W~Z inclusive
production are

owis  se = 18.8 £ 0.5(PDF) % 0.8(scale) fb,
o se = 11.1£0.5(PDF) = 0.5(scale) fb.

In these estimates, the W and Z decays in a single leptonic
channel with muons or electrons are considered. The
uncertainty due to the PDF is computed using the eigen-
vectors of the CT10 PDF set scaled to 68% confidence level
(C.L.) and the envelope of the differences between the
results obtained with CT10, MSTW 2008 [24], NNPDF 3.0
[25], and ATLAS-epWZ12 NLO [26] PDF sets. The QCD
scale uncertainty is estimated conventionally by varying ug
and pp by factors of 2 around the nominal scale my,/2
with the constraint 0.5 < pg /up < 2. A maximum variation
of the cross section of 4% is found. However, the SM
prediction, which is at NLO accuracy in perturbative QCD,
is highly sensitive to the choice of renormalization scale yg.
For example, choosing a fixed renormalization scale of
ur = (my + my)/2 instead of a dynamic scale ug = my,
increases the SM predicted cross section by 7%. The total
uncertainty on the theoretical prediction is estimated as the
linear sum of the PDF and QCD scale uncertainties,
following the recommendations in Ref. [27].

The differential distributions are compared to the pre-
dictions of the POWHEG+PYTHIA, MC@NLO 4.0 [28], inter-
faced with HERWIG [29] for PS and hadronization, and
SHERPA 1.4.5 [30,31] event generators. The SHERPA pre-
dictions used in this paper are computed at LO and take into
account the real emission of up to three partons in the
matrix element calculations. They are therefore expected to
describe the jet multiplicity distribution and the event
kinematics at higher jet multiplicity better than POWHEG
+PYTHIA where only the real emission of at most one parton
is directly calculated at NLO.

The uncertainties on predicted differential cross sections
arising from the PDF and the QCD scale uncertainties are
estimated as described above. Recently, approximate next-
to-next-to-leading-order (7NLO) corrections have been
computed and presented as K-factors for differential
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cross-section distributions [9]. For a number of commonly
used observables these corrections are sizable, of the order
of 30% to 100%. The aNLO correction to the m¥?*
distribution 1is smaller (< 10%) indicating that this
observable is less sensitive to higher order perturbative
contributions to the transition amplitude that appear at
next-to-next-to-leading order (NNLO). The approximate
nNLO calculation can only account for the dominant part
of the NNLO QCD corrections and in certain regions of the
phase space.

Electroweak quantum corrections at NLO to the W*Z
cross sections, including photon-quark-induced processes,
have been computed [10,11]. These corrections have an
impact mainly on differential cross sections. The complete
calculation is done in the zero-width approximation, and
the decays of vector bosons are not included. It is therefore
not included in the available Monte Carlo (MC) generators.
For this reason, the uncertainty on the differential distri-
butions arising from missing higher orders in the EW
theory is included by taking the existing EW corrections at
NLO as an additional theory uncertainty on the predictions
from POWHEG+PYTHIA. The effect increases with increas-
ing p% and m{“. At a center-of-mass energy of 8 TeV, they
range from —0.3% to a value of 3.2% in the highest pZ bin
considered in this analysis and from 0.12% to a value of
1.1% in the highest m¥# bin considered in this analysis
[11]. The total uncertainty on the differential theoretical
predictions is estimated as the linear sum of the PDF, QCD
scale, and EW correction uncertainties [27].

The SM cross section of the VBS process is calculated at
NLO in QCD with the Monte Carlo generator VBFNLO
[32-36]. In proton-proton collisions with a center-of-mass
energy of 8 TeV this cross section in the VBS fiducial phase
space defined in Sec. Il is 0.13 4= 0.01 fb. This calculated
cross section is for one single leptonic decay channel of the
W and Z in muons or electrons. The total uncertainty on the
VBS theoretical prediction is estimated as the linear sum of
the PDF and QCD scale uncertainties, each determined as
described above.

V. SIMULATED EVENT SAMPLES

Simulated event samples are used for estimates of the
irreducible background, for the correction of the signal
yield for detector effects, for the extrapolation from the
fiducial to the total phase space, for the extraction of
the gauge couplings, and for comparisons of the results to
the theoretical expectations.

The simulated samples are overlaid with additional
proton-proton interactions (pileup) generated with
PYTHIA 8.1 using the MSTW2008 LO PDF set and the
A2 [37] set of tuned parameters. The MC events are also
reweighted to better reproduce the distribution of the mean
number of interactions per bunch crossing and of the
longitudinal position of the primary pp collision vertex
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observed in the data. All generated events are passed
through the ATLAS detector simulation [38] based on
GEANTH4 [39] and processed using the same reconstruction
software as for data.

Scale factors are applied to the simulated events to
correct for the small differences from data in the trigger,
reconstruction, and identification efficiencies for electrons
and muons [40-42]. Furthermore, in simulated events the
electron energy and the muon momentum are smeared to
account for the small differences in resolution between data
and simulation [42,43].

A. Signal samples

The W*Z SM production processes and subsequent
leptonic decays are generated at NLO in QCD using the
POWHEG MC event generator [17-20], interfaced with
PYTHIA 8.175 [21] for PS, hadronization and the underlying
event (UE) simulation. This sample is used to correct for
acceptance and detector effects.

Signal events with aTGC are generated at NLO with the
MC@NLO 4.0 [28] Monte Carlo generator interfaced with
HERWIG [29] and JiMMY [44] for the simulation of the PS,
hadronization, and UE.

In all above-mentioned signal samples, the final-state
radiation (FSR) resulting from the quantum electrodynam-
ics (QED) interaction is modeled with PHOTOS [45].

For the VBS analysis, the W*Z production associated
with at least two jets is generated at LO with SHERPA 1.4.5
[30,31], which uses the CKKW [46] matching scheme and
an internal model for QED radiation based on the YFS
method [47]. Signal events in the VBS analysis arise from
the processes that occur at zero order in the strong coupling
constant a, and are labeled WZ;j-EW. The remaining
processes leading to W*Z final states, associated with at
least two jets, are called WZ;j-QCD processes.

Events with aQGC are generated at LO using the WHIZARD
[48] MC generator. A K-matrix unitarization method [49,50]
is employed in order to ensure the unitarity of the scattering
amplitude, which would be violated for values of quartic
gauge couplings different from the SM value.

The CT10 [23] PDF set is used for all signal samples.

B. Background samples

Backgrounds to the W*Z signal come from events with
two or more electroweak gauge bosons, top quarks, and
gauge bosons associated with jets (V + j, V =W, Z), and
events from double parton scattering (DPS) processes
where the W*Z signature results from collisions between
two pairs of partons producing a single W and a single Z
boson. In the VBS analysis the WZ;;j-QCD process is a
background to the WZjj-EW production. Interference
effects between WZjj-QCD and WZjj-EW processes
are expected to be negligible and are therefore not
considered.

PHYSICAL REVIEW D 93, 092004 (2016)

Monte Carlo simulation is used to compute the contri-
bution from processes with at least three prompt leptons
and for comparison with the data-driven estimation of the
contribution from background processes with at least one
misidentified lepton.

The qg — ZZ™) processes are generated at NLO with
POWHEG interfaced with PYTHIA 8.175 or at LO with SHERPA
1.4.5, which includes up to three partons in the matrix
element calculation. The first sample is used in the
inclusive analysis, the second in the VBS analysis. The
g9 — ZZ™) process is simulated with GG2zz at LO [51]
interfaced with HERWIG [29] for the simulation of the PS
and of the hadronization and MMy [44] for the UE.
Processes with three gauge bosons are simulated with
MADGRAPH [52] interfaced with PYTHIA. The associated
production of top pairs with a weak gauge boson is
simulated with MADGRAPH interfaced with PYTHIA, and
the associated production of a single top and a Z boson is
simulated with SHERPA. The total predictions of these MC
samples are rescaled to match NLO predictions from
Refs. [53,54] and Ref. [55], respectively.

The contribution from DPS processes is estimated using
PYTHIA MC samples generated with two hard scatterings
with single-boson production processes (W, Z/y*). The
cross section of the DPS samples is estimated using its
factorization into the product of two single scattering
cross sections [56] and the effective area parameter for
hard double-parton interactions recently measured by
ATLAS [57].

ALPGEN [58] interfaced with JiIMMY [44] and SHERPA [30]
samples are used to model the W + j and Z + j back-
grounds, respectively. Top pair production is simulated
with POWHEG+PYTHIA. The WW diboson production is
modeled with POWHEG+PYTHIA and GG2WW+HERWIG.
ALPGEN and SHERPA are used to model Wy and Zy diboson
production, respectively.

The set of PDF used to generate ALPGEN and MADGRAPH
samples is CTEQ6L1 [59] while the CT10 [23] PDF set is
used to generate all the other background samples.

VI. DATA SAMPLE AND SELECTIONS

The data set was collected in 2012 during pp collisions
at /s = 8 TeV. It only includes data recorded with stable
beam conditions and with all relevant subdetector systems
operational, and corresponds to a total integrated luminos-
ity of 20.3 fb~!. The absolute luminosity scale is derived
from beam-separation scans performed in November 2012.
The uncertainty on the integrated luminosity is 1.9% [60].

Data events are selected by requiring at least one electron
or muon candidate. The electron and muon triggers impose
a pr threshold of 24 GeV along with an isolation require-
ment on the lepton. In order to increase the efficiency for
high-pt leptons, the electron and muon triggers are
complemented by single-electron or single-muon triggers
with no isolation requirement and with a threshold of
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60 GeVor 36 GeV, respectively. Events are required to have
at least one primary vertex reconstructed from at least three
tracks, where the tracks must have a pr greater than
400 MeV.

All final states with electrons, muons, and E%ﬁss from
W=*Z leptonic decays are considered. In the following, the
different final states are referred to as puu*pu~, ety
utete™, and etete”. No requirement on the number of
jets is applied in the inclusive analysis, while jets are
explicitly required in the dedicated analysis in order to
enhance the contribution from the VBS process.

A. Object reconstruction and selection

Muon candidates are identified by tracks or track seg-
ments reconstructed in the muon spectrometer system and
matched to tracks reconstructed in the inner detector [42].
The pr of the muon must be greater than 15 GeV and its ||
less than 2.5. The ratio between the transverse impact
parameter d, (with respect to the primary vertex) to its
uncertainty (d significance) must be smaller than 3, and
the longitudinal impact parameter |z, - sin(0)| must be less
than 0.5 mm. Isolated muons are then selected with a
requirement that the scalar sum of the pt of the tracks
within a cone of size AR = 0.2 around the muon, excluding
the muon itself, must be less than 15% of the muon pr.

Electron candidates are reconstructed from energy clus-
ters in the calorimeter and matched to an inner detector
track [40]. The lateral and transverse shapes of the cluster
must be consistent with those of an electromagnetic
shower. The pt of the electron must be greater than
15 GeV and the pseudorapidity of the cluster must be in
the ranges || < 1.37 or 1.52 < || < 2.47. The d,, signifi-
cance of the electron candidate must be smaller than 6 and
the longitudinal impact parameter |z, - sin(@)| must be less
than 0.5 mm. To ensure that the electron candidate is
isolated, the total transverse energy Er, corrected for pileup
effects, in an isolation cone of AR = (0.2 around the
electron candidate and excluding the electron itself must
be less than 14% of the electron Et. The scalar sum of the
pr of all tracks excluding the electron track itself within the
isolation cone must be less than 13% of the electron py. If
an electron overlaps with a muon candidate within
AR = 0.1, the electron is rejected. This criterion mainly
removes photons from final-state radiation and jets mis-
identified as electrons.

Jets are reconstructed using the anti-k, algorithm [61]
with a radius parameter R = 0.4 using topological clusters
of energy deposition in the calorimeter. Jets arising from
detector noise or noncollision events are rejected [62]. Jets
are calibrated and corrected for detector effects using a
combination of simulated events and in sifu methods
[62—64]. The jet energies are also corrected to account
for energy arising from pileup [65]. In order to reject jets
from pileup, the summed scalar py of tracks associated
with both the jet and the primary vertex is required to be
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greater than 50% of the summed scalar pt of all the tracks
associated with the jet [65]. This criterion is applied to jets
with pr smaller than 50 GeV and within || < 2.4. The
presence of jets with pr > 30 GeV and a pseudorapidity
In;| < 4.5 is explicitly required only in the VBS analysis.
Jets overlapping with an electron or muon candidate within
AR = 0.3 are rejected.

The missing transverse momentum, E%iss in the event is
calculated as the negative vector sum of the transverse
momentum of calibrated leptons, photons, and jets,
and additional low-energy deposits in the calorimeter
[66,67]. The contribution of the low-energy deposits
from soft particles to the ER is further corrected to
mitigate the effect of pileup on the ET reconstruction
performance [68].

B. Event selection

Events are required to contain at least three lepton
candidates satisfying the selection criteria described above.

In order to decrease the background from ZZ processes,
events containing four or more candidate leptons satisfying
a looser pt requirement of pt > 7 GeV are discarded.

To ensure that the trigger efficiency is well determined,
at least one of the candidate leptons is required to have
pr > 25 GeV and to be geometrically matched to a lepton
that triggered the event.

The event must have at least one pair of leptons of the
same flavor and opposite charge, with an invariant mass
that is consistent with the nominal Z boson mass [16]
within 10 GeV. This pair is considered as a Z boson
candidate. If more than one pair is found, the pair whose
invariant mass is closest to the nominal Z boson mass is
taken as the Z boson candidate. The third lepton is assigned
to the W boson.

To reduce the Z + j background, the lepton assigned to
the W boson is required to satisfy more stringent criteria
than those required for the leptons attributed to the Z boson.
The pt threshold for this lepton is increased to 20 GeV. In
addition, electrons must satisfy tighter identification criteria
that include requirements on the transverse impact param-
eter with respect to the primary vertex and on the number of
hits in the innermost pixel layer in order to reject photon
conversions. In addition, the size of the lepton isolation
cones is increased to AR = 0.3 and the sum of the pr of the
tracks in the isolation cone of the lepton must be less than
10% of the lepton pr. Finally, the transverse mass of the W
candidate computed using the EXS* and the py of the third
lepton is required to be above 30 GeV.

To select VBS event candidates, in addition to the above-
mentioned selection criteria, the presence of at least two jets
with pt greater than 30 GeV with an absolute value of 7
less than 4.5 is required. The invariant mass of the two
leading jets must be above 500 GeV, and the angular
distance between all selected leptons and jets is required to
be greater than 0.3.
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For the search of aQGC, in addition to the selection criteria
applied in the VBS analysis, it is required that the difference
in the azimuthal angle between the reconstructed W and Z
directions is greater than 2 rad and that the scalar sum of the
transverse momenta of the three charged leptons associated
with the W and Z bosons is greater than 250 GeV.

VII. BACKGROUND ESTIMATION

The background sources are classified into two groups:
events where at least one of the candidate leptons is not a
prompt lepton (reducible background) and events where all
candidates are prompt leptons (irreducible background).
Candidates that are not prompt leptons are also called
“misidentified” or “fake” leptons.

Events in the first group originate from Z + j, Zy, tt, and
WW production processes. This background is estimated
with a data-driven method based on the inversion of a
global matrix containing the efficiencies and the misiden-
tification probabilities for prompt and fake leptons (see
Sec. VII A). In the inclusive analysis, this contribution
represents about half of the total backgrounds. About 2% of
this background contribution arises from events with two
fake leptons. The background from events with three fake
leptons, e.g., from multijet processes, is negligible.

The events contributing to the second group originate
from ZZ, tt + V, VVV (where V = Z or W), tZ(j) events,
and DPS processes. The amount of irreducible background
is estimated using MC simulations due to the low cross
sections of the corresponding processes and the statistical
limitations of estimates using data-driven methods. In the
inclusive analysis the dominant contribution in this second
group is from ZZ production and represents about 70% of
the irreducible background. The MC-based estimation of
the ZZ background is validated by comparing data and
MC simulation in properly defined control regions (see
Sec. VIIB).

The main background in the VBS analysis originates
from the processes defined as WZ;j-QCD in Sec. VA and
amounts to ~70% of the total backgrounds. The second
most important background contribution arises from the
tZj process and amounts to ~10% of the total estimated
background.

Interference effects between the WZ;j-QCD and (Zj
background processes and the VBS signal (WZjj-EW) are
expected to be negligible. The treatment of the tZj back-
ground is further discussed in Sec. XIC. In the VBS
analysis, background events due to misidentified leptons
and due to ZZ events amount to about 9% and 7% of the
total background, respectively.

A. Background from misidentified
leptons (Z +j, Zy, tt, WW)

The matrix method [69] is a data-driven method for the
calculation of the reducible background which exploits the
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classification of the leptons as loose (L) or tight (T)
candidates and the probability that a fake lepton is mis-
identified as a loose or tight lepton.

Three-lepton events in the WZ data sample, selected as
explained in Sec. VIB, but relaxing some of the lepton
identification criteria, are classified into eight categories.
Each category contains a number of events, N4, where the
first index refers always to the W lepton, the second to the Z
leading lepton, and the third to the Z trailing lepton. Each
index can be L or T depending on whether the correspond-
ing lepton met only the loose identification criteria or
satisfied the tight ones. Loose leptons are leptons that
survive the overlap removal criteria (as described in
Sec. VI A) but do not meet the isolation criteria, while
tight leptons are signal leptons as defined in Secs. VI A and
VIB. These eight categories are called identification
categories here. The number of events in each category,
Np,, s measured directly in data.

The same WZ data sample of three-lepton events can be
decomposed in eight true categories according to the
nature of each lepton as prompt or nonprompt. Each
category contains a number of events, N,;, where each
index, ordered as described above, can be R or F depending
on the kind of corresponding lepton (prompt, R, or non-
prompt, F). The number of events in each category N, is
the result of the matrix method calculation.

The number of events, N, in each identification
category is related to the number of events N;j; of the
true categories by an 8 x 8 matrix expressed in terms of the
probability that a prompt lepton is identified as a tight
(loose) lepton, denoted here by e (¢ =1 —e¢), and the
probability that a fake lepton is misidentified as a tight
(loose) lepton, denoted here by f (f = 1 — f). The matrix
reduces to a 7 x 7 matrix since the category Nggp can be
neglected, the number of events with three misidentified
leptons being more than 2 orders of magnitude smaller than
the number of those with only one misidentified lepton. The
value of f is small; therefore terms with order higher than
two in f can be neglected. It has been verified that these
simplifications do not change the final result.

The matrix is inverted to obtain the number of events
with at least one misidentified lepton, which represents the
amount of reducible background in the WZ sample,

N reducible»

Nreducible = Nr’I?’quF3 + NEFBETF2 + Nie{“iTFl

— NFLF2F3 = NigLF 1 Fs = NifeF Fa, o (2)
where NI, = Ny, — NIt F; = £, and the index i = 1,2,
3 refers to the W lepton, the Z leading lepton, and the Z
trailing lepton, respectively. The value of N, is obtained
by counting the number of WZ events in the selected data
sample with leptons satisfying the loose or tight criteria.
The variable Ni,‘}y represents the number of events with
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three prompt leptons in the corresponding identification
category affy and is estimated using MC simulation. The
values of F; are measured differentially as a function of the
lepton transverse momentum, using W + j or Z + j control
samples taken from data for F; or for F, and Fj,
respectively. The efficiencies e(é) do not appear in
Eq. (2) since they are included in the Ng/r;y term.

The control samples and the reducible background in the
WZ sample are composed of events with misidentified
leptons from light- or heavy-flavor jets and from photon
conversions. The data-driven estimates of the F; factors
correspond to an average value weighted by the abundance
of each kind of background and may vary depending on the
composition of the sample used to extract them. For this
reason, data samples enriched in the different types of
background have been used to verify that the background
composition in the above-defined W + j and Z + j control
samples is the same, within uncertainties, as in the signal
region.

Other methods to assess the reducible background have
been considered and provide results in good agreement
with the matrix method estimation.

B. Background from ZZ processes

The ZZ background is estimated using MC simulation,
as explained in Sec. V B. The number of expected ZZ
events from POWHEG is scaled by 1.05 to account for
NNLO QCD and NLO EW corrections [10,11,70]. In the
VBS analysis, the scale factor used for SHERPA is taken
to be 1.0 since SHERPA incorporates matrix element
calculations up to three partons.
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These estimations are validated by comparing the MC
expectations with the event yield and several kinematic
distributions of a data sample enriched in ZZ events. The
ZZ control sample is selected by requiring a Z candidate
meeting all the analysis selection criteria accompanied by
two additional leptons of the same flavor and opposite
charge, satisfying the lepton criteria described in Sec. VI A.
The comparisons are performed in the above-defined
control region and in a subregion where at least two jets
are present in addition. In the first case, the data are
compared with the predictions from POWHEG and GG27Z
Monte Carlo simulations, while in the second case SHERPA
and GG2zz Monte Carlo samples are used. Overall the
agreement between the data and the expectations is within 1
standard deviation of the experimental uncertainty. The
shapes of main kinematic variables are also found to be
well described by the MC expectations.

VIII. DETECTOR-LEVEL RESULTS

Table II summarizes the numbers of expected and
observed events together with the estimated background
contributions in the inclusive analysis. Only statistical
uncertainties are quoted. Systematic uncertainties affecting
the predicted yields include the theoretical uncertainty on
the cross sections as discussed in Sec. IV, and experimental
uncertainties discussed in Sec. X. Figure 1 shows, at
detector level, the momentum and the invariant mass of
the Z candidate, the transverse mass of the W candidate and
a transverse masslike variable of the WZ system, m%" Z after
applying all selection criteria. The variable m)Z is recon-
structed as

3 2 3 2 3 2
ml? = <Z P+ E%’i“) - KZ Pl + E;‘“SS) - (Z Pl + E;’,‘i“) ] : (3)
=1 =1 =1

TABLE II

Numbers of observed and expected events after the W*Z inclusive selection described in Sec. VIB in each of the

considered channels and for the sum of all channels. The expected number of W*Z events from POWHEG+PYTHIA and the estimated
number of background events from other processes are detailed. The sum of background events containing misidentified leptons is
labeled “Misid. leptons.” Only statistical uncertainties are quoted.

Channel eee Hee eup o All

Data 406 483 539 663 2091

Total expected 336.7+2.2 4108 +2.4 469.1 +2.1 608.2 +3.5 1824.8 £7.0
Wz 2557+ 1.1 337.2+1.0 367.0+ 1.1 4959+£23 1455.7£5.5
Misid. leptons 437+£1.9 322+2.1 502 £ 1.7 52.8 £2.6 178.9 +4.2
zZZ 259+0.2 26.7£0.3 36.1+0.3 39.5+03 128.2+0.6
t+V 55+0.2 6.7+0.2 72+03 9.1£0.3 28.5+0.5
tZ 42+0.1 55£02 6.0 £0.2 7.7£0.2 233403
DPS 1.2+0.1 1.9+0.1 1.8 £0.1 23+£0.2 72+£03
vvv 05£00 0.7£0.0 0.8£0.0 09+0.0 3.0+£0.1
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FIG. 1.

Distributions, summed over all channels, of the following kinematic variables: (a) the transverse momentum of the

reconstructed Z boson p%, (b) the mass of the Z m, (c) the transverse mass of the reconstructed W boson mTW , and (d) the transverse-
masslike variable for the WZ system m¥2. The points correspond to the data and the histograms to the expectations of the different SM
processes. All Monte Carlo expectations are scaled to the integrated luminosity of the data using the predicted MC cross sections of each
sample. The sum of background events containing misidentified leptons is labeled “Misid. leptons.” The POWHEG+PYTHIA MC
prediction is used for the W*Z signal contribution. It is scaled by a global factor of 1.17 to match the measured inclusive W*Z cross
section. The open red histogram shows the total prediction and the shaded orange band its estimated total uncertainty. The last bin

contains the overflow.

The expectations based on MC simulation are scaled to
the integrated luminosity of the data using the pre-
dicted cross sections of each sample. The POWHEG
+PYTHIA MC prediction is used for the W*Z signal
contribution. In Fig. 1 it is scaled by a global factor of
1.17 to match the measured inclusive W*Z cross
section of Sec. XIA. This scaling is only used for
an illustrative purpose in this figure and does not
affect the measurements. Table III shows the number
of expected and observed events together with the
estimated background contributions for the VBS and

aQGC analyses, respectively. Figure | indicates that
the MC predictions provide a fair description of the
shapes of the data distributions.

IX. CORRECTIONS FOR DETECTOR
EFFECTS AND ACCEPTANCE

For a given channel W*Z — #*v£+¢~, where ¢ and ¢’
are either an electron or a muon, the integrated fiducial
cross section that includes the leptonic branching fractions
of the W and Z is calculated as
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TABLE III. Numbers of observed and expected events for the
sum of all channels after the W*Z VBS and aQGC selections
described in Sec. VIB. The expected number of WZjj-EW
events from SHERPA and the estimated number of background
events from other processes are detailed. The sum of background
events containing misidentified leptons is labeled “Misid. lep-
tons.” Only statistical uncertainties are quoted.

Selection VBS aQGC
Data 45 9
Total expected 372+ 1.1 49+03
WZjj-EW 74+£02 1.1 £0.1
WZjj-QCD 20.8 £ 0.8 28+£03
tZ 3.0+£0.1 0.3£0.0
Misid. leptons 254+0.6 0.1+0.1
YA 1.9+03 0.2+0.1
t+V 1.6 £0.1 0.3£0.0
TP TN (A S
WEZ-0'vee £ . CWZ Nall

where Ny, and Ny, are the number of observed events
and the estimated number of background events, respec-
tively, £ is the integrated luminosity, and Cy,,, obtained
from simulation, is the ratio of the number of selected
signal events at detector level to the number of events at
particle level in the fiducial phase space. This factor
corrects for detector efficiencies and for QED final-state
radiation effects. The contribution from 7 lepton decays,
amounting approximately to 4%, is removed from the
cross-section definition by introducing the term in paren-
theses. This term is computed using simulation, where N is
the number of selected events in which at least one of the
bosons decays into a 7 lepton and N, is the number of
selected WZ events with decays into any lepton.

The Cy, factors for W=Z, W*Z, and W*Z inclusive
processes computed with POWHEG+PYTHIA for each of the
four leptonic channels are shown in Table IV.

The total cross section is calculated as

fid
ot _ CwEz—ruee (5)

o =
wtz ’
BWBZAWZ

TABLE IV. The Cy  factors for each of the eee, uee, eup, and
puup inclusive channels. The POWHEG+PYTHIA MC event sample
with the “resonant shape” lepton assignment algorithm at particle
level is used. Only statistical uncertainties are reported.

Channel Cy-z Cyiz Cyty

eee 0412+£0.002  0.399+£0.002  0.404 £ 0.001
uee 0.532+£0.002  0.540£0.002  0.537 £0.001
e 0.596 £0.002  0.572+0.002  0.581 £ 0.001
M 0.786 £0.002  0.789 £0.002  0.788 £ 0.002
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where By, = 10.86 4 0.09% and B; = 3.3658 + 0.0023%
are the W and Z leptonic branching fractions [16],
respectively, and Ay is the acceptance factor calculated
at particle level as the ratio of the number of events in the
fiducial phase space to the number of events in the total
phase space as defined in Sec. III.

A single acceptance factor of Ay, =0.395 4 0.001(stat),
obtained by averaging the acceptance factors computed in
the pee and epp channels, is used since it has been verified
that interference effects related to the presence of identical
leptons in the final state, as in the eee and puyu channels, are
below 1%. The use of the pee and euu channels for the
computation of Ay, avoids the ambiguity arising from
the assignment at the particle level of final-state leptons to
the W and Z bosons.

The differential detector-level distributions are corrected
for detector resolution and for QED FSR effects using an
iterative Bayesian unfolding method [71], as implemented
in the ROOUNFOLD toolkit [72]. Three iterations were
consistently used for the unfolding of each variable. The
width of the bins in each distribution was chosen according
to the experimental resolution and to the statistical signifi-
cance of the expected number of events in each bin. For the
data distributions used to extract the limits on anomalous
gauge couplings, a dedicated bin optimization was per-
formed using signal MC events, in order to reach the best
sensitivity for the fitted parameters. The fraction of signal
MC events reconstructed in each bin is always greater than
50% and around 60% on average.

Simulated signal events are used to obtain for each
distribution a response matrix that accounts for bin-to-bin
migration effects between the reconstructed-level and
particle-level distributions. In the inclusive measurements,
the POWHEG+PYTHIA signal sample is used since it provides
a fair description of the data distributions. For the jet
multiplicity differential measurement and in the VBS
analysis, the SHERPA signal sample is used for the compu-
tation of the response matrix since this sample includes up
to three partons in the matrix element calculation and
therefore better describes the jet multiplicity of data. To
build the response matrix for the unfolding of the jet
multiplicity, the pr threshold of the particle level jets, as
defined in Sec. III, is set to 25 GeV. This threshold is
similar to the one used in the recent measurement of the
WW cross section by the ATLAS Collaboration [73]. A jet
pr threshold of 30 GeV, corresponding to the definition of
the VBS phase space, is, however, used for the unfolding of
the invariant mass spectrum of the two leading jets.

X. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties on the integrated and
differential cross sections are due to uncertainties of
experimental and theoretical nature on the acceptance,
on the correction procedure for detector effects, on the
background estimation, and on the luminosity.
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The systematic uncertainties on the Ay, and Cyy, factors
due to the theoretical modeling in the event generators are
evaluated taking into account the uncertainties related to the
choice of the PDF, of the QCD renormalization and
factorization scales, and of the parton showering simula-
tion. Uncertainties due to the choice of PDF are computed
using the CT10 eigenvectors and the envelope of the
differences among CT10, MSTW 2008, NNPDF 3.0,
and ATLAS-epWZ12 PDF sets. QCD scale uncertainties
are estimated by varying ur and up by factors of 2 around
the nominal scale my,/2 with the constraint
0.5 < ur/pp < 2. Uncertainties due to the choice of the
parton showering model are estimated by interfacing
POWHEG with either PYTHIA or HERWIG and comparing
the results. These uncertainties of theoretical nature have no
significant effect on the Cy,, factors but affect the Ay,
acceptance factor, where the dominant contribution orig-
inates from the PDF choice and is below 1.3%.

The uncertainty on the differential distributions arising
from the theoretical modeling in the event generators and
being propagated to the response matrix in the unfolding
procedure is estimated by reweighting simulated events at
particle level to the unfolded results obtained as described
in Sec. IX. An alternative response matrix is defined using
these reweighted MC events and is used to unfold POWHEG
+PYTHIA reconstructed MC events. A systematic uncer-
tainty is estimated by comparing this unfolded distribution
to the original particle-level POWHEG+PYTHIA prediction.

The experimental systematic uncertainty on the Cy,
factors and on the response matrix includes uncertainties on
the electron energy or muon momentum scale and reso-
lution, on the ETs$ scale and resolution, on the jet energy
scale and resolution, as well as uncertainties on the scale
factors applied to the simulation in order to reproduce the
trigger, reconstruction, identification, and isolation effi-
ciencies measured in data. The uncertainty associated with
the pileup reweighting procedure is negligible. For the
measurements of the W charge-dependent cross sections,
an uncertainty arising from the charge misidentification of
leptons is also considered. It affects only electrons and
leads to uncertainties of ~0.1% on the integrated cross
section combining all decay channels. The systematic
uncertainties on the measured cross section are determined
by repeating the analysis after applying appropriate varia-
tions for each source of systematic uncertainty to the
simulated samples.

The lepton energy or momentum scale corrections are
obtained from a comparison of the Z boson invariant mass
distribution in data and simulations, while the uncertainties
on the efficiency scale factors are derived from a compari-
son of tag-and-probe results in data and simulations
[40-42]. Uncertainties on the jet energy scale are deter-
mined from a combination of methods based on simulation
and in situ techniques [62,63]. The uncertainty on the jet
energy resolution is derived from a comparison of the
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TABLE V. Summary of the relative uncertainties on the
measured fiducial cross section a&jﬂz for each channel and for
their combination. Uncertainties are given in percent. The
decomposition of the total systematic uncertainty into the main
sources correlated between channels and a source uncorrelated

between channels is indicated in the first rows.

eee pee epu upp Combined
Source Relative uncertainties [%]
e energy scale 0.8 04 04 00 0.3
e id. efficiency 29 18 1.0 0.0 1.0
1 momentum scale 00 01 01 0.1 0.1
u id. efficiency 00 07 13 20 1.4
EPss and jets 03 02 02 0.1 0.3
Trigger 0.1 01 02 03 0.2
Pileup 03 02 02 0.1 0.2
Misid. leptons background 29 09 3.1 09 1.3
ZZ background 06 05 06 05 0.5
Other backgrounds 0.7 0.7 07 0.7 0.7
Uncorrelated 07 06 05 05 0.3
Total systematics 45 26 37 25 24
Luminosity 22 22 22 22 2.2
Statistics 62 54 53 47 2.7
Total 80 63 68 5.7 4.2

resolutions obtained in data and in simulated dijet events
[64]. The uncertainty on the ER is estimated by propa-
gating the uncertainties on the objects and by applying
energy scale and resolution uncertainties to the calorimeter
energy clusters that are not associated with a jet or an
electron. The dominant contribution among the experimen-
tal systematic uncertainties in the eee and pee channels
derives from the electron identification efficiency, being at
most 2.9%, while in the eup and pup channels it originates
from the muon reconstruction efficiency and is at
most 2.1%.

The uncertainty on the amount of background from
misidentified leptons is estimated taking into account the
statistical uncertainties on the event yields in each identi-
fication category and on the F; factors (see Sec. VII A).
Uncertainties arising from the definition of the W + j and
Z + j control samples and from their composition are also
included. The former are evaluated by changing the control
sample selection criteria and the latter by using a different
way of computing the fake rate, which relies on a matrix
method where the matrix is obtained using particle-level
information.

An uncertainty of 7% on the amount of ZZ background
is evaluated as the difference between the predicted and
measured numbers of ZZ events in the defined control
regions. The uncertainty arising from other kinds of
irreducible backgrounds is evaluated by propagating the
uncertainty on their MC cross section which are estimated
to be 30%, 15%, and 50% for 1+ V, tZ, and DPS
processes, respectively.
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The uncertainty on the unfolding procedure arising from
the limited number of events in the simulation is estimated
using pseudoexperiments.

The uncertainty on the integrated luminosity [74] is
applied to the signal normalization as well as to all
background contributions that are estimated using MC
simulations. It results in an effect of 2.2% on the measured
cross sections.

The overall uncertainty on the single-channel W*Z
fiducial cross section varies from approximately 6% to
8%. Table V shows the statistical and main systematic
uncertainties on the W*Z fiducial cross section for each of
the four channels and for their combination.

XI. CROSS-SECTION MEASUREMENTS

A. Integrated cross sections

The measured fiducial cross sections in the four channels
are combined using the measured total event yields and
statistical procedure based on the minimization of a
negative log-likelihood function that accounts for correla-
tions between the sources of systematic uncertainty affect-
ing each channel [75]. The systematic uncertainties are
included in the likelihood function as nuisance parameters.
The combination of the W*Z cross sections in the fiducial
phase space yields a p-value of 48%, and the combinations
of WtZ and W~Z cross sections yield p-values of 15% and
26%, respectively.

The W*Z production cross section in the detector
fiducial region resulting from the combination of the four

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
eee 1.27 £0.10 +—e—+ ATLAS
{s=8TeV,20.3fb"
uee 1.21 + 0.08 +—o—+ .
w-Z
euu 1.19 + 0.08 +o—+ @ Data
=— Powheg
ppp 1.11 £ 0.06 +o—+
combined 1.17 £ 0.05 1o+
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

04 06 0.8 1 12 14 16 1.8 2

fid. theory
Ow:z / Ow:z

FIG. 2. Ratio of the measured W*Z integrated cross sections in
the fiducial phase space to the NLO SM prediction from POWHEG
+PYTHIA using the CT10 PDF set and renormalization and
factorization scales up = up = my,/2, in each of the four
channels and for their combination. The inner and outer error
bars on the data points represent the statistical and total
uncertainties, respectively. The shaded orange band represents
the uncertainty associated with the SM prediction.
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channels including the W and Z branching ratio in a single
leptonic channel with muons or electrons is

ol . ., =35.1£09(stat) £ 0.8(sys) % 0.8(lumi) fb,
(6)

where the uncertainties correspond to statistical, system-
atic, and luminosity uncertainties, respectively. The meas-
urement is to be compared to the SM expectation of
30.0£2.1 fb from POWHEG+PYTHIA, as discussed in
Sec. IV. The measured W*Z production cross sections
are compared to the SM NLO prediction from POWHEG
+PYTHIA in Fig. 2 and all results for W*Z, W*Z, and W=Z
final states are reported in Table VI

The measured cross section is larger than the quoted SM
prediction. However, the SM prediction, which is at NLO
accuracy in perturbative QCD, is highly sensitive to the
choice of renormalization scale ugr. In addition, new
perturbative effects appearing at NNLO could enhance
the SM prediction compared to the NLO calculation.
Indeed, for the other diboson final states ZZ, WW, Zy,

TABLE VI. Fiducial integrated cross section in fb, for W*Z,
W*Z, and W~Z production, measured in each of the eee, uee,
epp, and pup channels and all four channels combined. The
statistical (Ogy), total systematic (Jgy), luminosity (Symi), and
total (J,,) uncertainties are given in percent.

o [fb] O [%] 5sys [%] Oumi [%] O [%]

fid
Channel Owzier

etee 38.1 6.2 4.5 22 8.0
utee 36.3 5.4 2.6 22 6.3
eFup 35.7 53 3.7 22 6.8
wEup 333 4.7 2.5 22 5.7
Combined 35.1 2.7 2.4 22 4.2
SM expectation  30.0 e e o 7.0

W gtrure
etee 22.6 8.0 4.4 22 9.4
utee 239 6.5 2.5 22 7.3
etup 19.9 7.2 3.5 2.2 8.3
uhup 19.8 6.0 2.5 2.2 6.8
Combined 21.2 34 2.3 2.2 4.6
SM expectation  18.8 e e e 6.8
O gpur

e ee 154 9.8 5.0 2.3 11.2
u-ee 124 9.5 3.1 23 10.3
e up 15.7 8.0 4.2 2.3 9.2
W pu 134 7.5 2.8 2.3 8.3
Combined 14.0 43 2.8 2.3 5.6
SM expectation  11.1 e e e 8.9
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FIG. 3. Measured ratios ag‘?‘ Z/ a{}ﬁz of WFZ and W~Z inte-
grated cross sections in the fiducial phase space in each of the
four channels and for their combination. The error bars on the
data points represent the total uncertainties, dominated by
statistical uncertainties. The NLO SM prediction from pOw-
HEG+PYTHIA using the CT10 PDF set and renormalization and
factorization scales yr = up = my,/2 is represented by the red
line and the shaded orange band for the associated uncertainty.
The POWHEG+PYTHIA prediction using the ATLAS-epWZ12 PDF
set is also displayed as the dashed line.
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and Wy NNLO calculations have recently become available
[70,76-78], and in all cases the NNLO corrections were
found to be positive and larger than the uncertainty on the
NLO calculation estimated by the conventional indepen-
dent up and down variations of ui and up by a factor of 2.
The ratio of WTZ to W~Z production cross sections is
also measured in the fiducial phase space and yields
O grute _
ohid
W=Z-¢'vet

1.51 £ 0.08(stat) £ 0.01(sys) = 0.01(lumi).

Most of the systematic uncertainties cancel in the ratio,
and the measurement is dominated by the statistical uncer-
tainty. The measured cross-section ratios, for each channel
and for their combination, are compared in Fig. 3 to the SM
expectation of 1.69 +0.07, calculated with POWHEG
+PYTHIA and the CT10 PDF set. The use of the ATLAS-
epWZ12 PDF set instead of CT10 changes the SM pre-
diction to 1.63, indicating the sensitivity of the ratio
ohd. /ol to the PDFs. The total uncertainty of the present
measurement is of the same order of magnitude as the
estimated uncertainties in the PDF and the SM prediction.

Finally, the combined fiducial cross section is extrapolated
to a total phase space, defined by requiring that the invariant
mass of the lepton pairs associated with the Z boson decay be
in the range 66 < my < 116 GeV. The result is
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FIG.4. The measured W*Z differential cross section in the fiducial phase space as a function of (a) p% and (b) p¥. The inner and outer
error bars on the data points represent the statistical and total uncertainties, respectively. The measurements are compared to the
prediction from POWHEG+PYTHIA (red line, see text for details). The orange band represents its total theoretical uncertainty and the
hatched red area the part of the theoretical uncertainty arising from the PDF and parton shower uncertainties. The predictions from
the MC@NLO and SHERPA MC generators are also indicated by dashed and dot-dashed lines, respectively. The SHERPA prediction is
rescaled to the integrated cross section predicted by POWHEG+PYTHIA. The right y axis refers to the last cross-section point, separated
from the others by a vertical dashed line, as this last bin is integrated up to the maximum value reached in the phase space.
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FIG. 5. The measured W*Z differential cross section in the
fiducial phase space as a function of m}?. The inner and outer
error bars on the data points represent the statistical and total
uncertainties, respectively. The measurements are compared to
the prediction from POWHEG+PYTHIA (red line, see text for
details). The orange band represents its total theoretical uncer-
tainty and the hatched red area the part of the theoretical
uncertainty arising from the PDF and shower uncertainties.
The predictions from the MC@NLO and SHERPA MC generators
are also indicated by dashed and dot-dashed lines, respectively.
The SHERPA prediction is rescaled to the integrated cross section
predicted by POWHEG+PYTHIA. The right y axis refers to the last
cross-section point, separated from the others by a vertical dashed
line, as this last bin is integrated up to the maximum value
reached in the phase space.

o, =24.3+0.6(stat) £0.6(sys) +-0.4(th) =0.5(lumi) pb,
where besides the statistical and systematic uncertainties a
theory uncertainty (th) has been included from the propa-
gation of the theoretical uncertainty on Ay, to the total
cross section. The measurement is to be compared to
the SM expectation calculated with POWHEG+PYTHIA
of 21.0 + 1.6 pb.

B. Differential cross sections

For the measurements of the differential distributions, all
four decay channels, eee, eupu, pee, and puu, are added
together. The resulting distributions are unfolded with a
response matrix computed using a POWHEG+PYTHIA MC
signal sample that includes all four topologies and divided
by four such that cross sections refer to final states where
the W and Z decay in a single leptonic channel with muons
or electrons.

PHYSICAL REVIEW D 93, 092004 (2016)

The W*Z production cross section is measured as a
function of the transverse momentum of the Z and W
boson, p% and pY (Fig. 4), as a function of the transverse
mass of the W*Z system m¥# (Fig. 5), as a function of the
pr of the neutrino associated with the decay of the W
boson, p%, and as a function of the absolute difference
between the rapidities of the Z boson and the lepton from
the decay of the W boson, |y, — v, w| (Fig. 6).

The differential cross sections as a function of the
transverse momenta of the neutrino or of the lepton from
the W decay are interesting because of their sensitivity to
the polarization of the W boson. Experimentally, given the
fiducial phase space of the measurement, the p% observable
has the advantage of probing lower transverse momenta
than the transverse momentum of the lepton from the W

boson decay, p?w, which is restricted to values above
20 GeV. Therefore, despite the worse experimental reso-

lution for the reconstruction of p% compared to p?‘W, )23
could be more sensitive to polarization effects.

In order to derive the p% from data events, the
assumption is made that the whole EX'S of events arises
from the neutrino of the W boson decay. Using MC
samples, this assumption was verified to be valid for SM
WZ events. The observed ER distribution is therefore
unfolded to p% using WZ MC events.

Previously, no observable related to decay angles of
final-state particles had been measured for WZ events. The
rapidity correlations between the W and Z decay products
have been found to be useful tools in searching for the
approximately zero WZ helicity amplitudes expected at LO
in the SM or for aTGC [7,8]. These rapidity correlations are
also sensitive to QCD corrections, PDF effects, and
polarization effects of the W and Z bosons. The rapidity
difference between the W and Z bosons, |y, — yy|, is a
boost-invariant substitute for the center-of-mass scattering
angle 6 of the W with respect to the direction of the
incoming quark. Since the rapidity of the W boson cannot
be uniquely reconstructed due to the presence of the
neutrino, the rapidity of the lepton from the W boson
decay is used. Therefore the rapidity difference |y, — y, w|
is measured instead of |y, — yy|.

The WHZ/W~Z ratio of the production cross sections
is also measured as a function of p%, p¥, m¥%, p%, and
|vz — yow| and presented in Figs. 7, 8, and 9.

The measured differential cross sections are compared to
the predictions from the POWHEG+PYTHIA MC generator,
which uses the CT10 PDF set and dynamic QCD scales of
Up = pur = myz/2. The theoretical uncertainties on the
differential predictions from POWHEG+PYTHIA arise from
the choice of PDF set and QCD scales and are evaluated as
explained in Sec. I'V. The total uncertainty on the theoretical
predictions is estimated as the linear sum of the PDF, parton
shower, QCD scale, and EW correction uncertainties,
following the recommendations of Ref. [27]. The measured
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FIG. 6. The measured W*Z differential cross section in the fiducial phase space as a function of (a) p% and (b) |yz — y,.w|. The inner
and outer error bars on the data points represent the statistical and total uncertainties, respectively. The measurements are compared to
the prediction from POWHEG+PYTHIA (red line, see text for details). The orange band represents its total theoretical uncertainty and the
hatched red area the part of the theoretical uncertainty arising from the PDF and shower uncertainties. The predictions from the MC@NLO
and SHERPA MC generators are also indicated by dashed and dot-dashed lines, respectively. The SHERPA prediction is rescaled to the
integrated cross section predicted by POWHEG+PYTHIA. The right y axis in (a) refers to the last cross-section point, separated from the
others by a vertical dashed line, as this last bin is integrated up to the maximum value reached in the phase space.

cross-section distributions are also compared to predictions  precision of SM predictions of W*Z production is limited
from the MC@NLO and SHERPA MC event generators. to NLO and LO accuracy for perturbative QCD and EW

Fair agreement of the shapes of measured distributions of ~ effects, respectively. New effects of higher perturbative
inclusive cross sections and W Z/W~Z cross section ratios  orders could therefore potentially affect the present SM
with the different MC predictions is observed. However, the ~ predictions, beyond the presently estimated theoretical
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FIG. 7. The ratio of the W+ Z and W~Z differential cross sections in the fiducial phase space as a function of (a) p% and (b) p‘TV . The
inner and outer error bars on the data points represent the statistical and total uncertainties, respectively. The measurements are compared
to the prediction from POWHEG+PYTHIA (red line; see text for details). The orange band represents its total theoretical uncertainty, which
is dominated by the PDF uncertainty. The predictions from the MC@NLO and SHERPA MC generators are also indicated by dashed and
dot-dashed lines, respectively.
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FIG. 8. The ratio of the W*Z and W~Z differential cross

sections in the fiducial phase space as a function of m}%. The
inner and outer error bars on the data points represent the
statistical and total uncertainties, respectively. The measurements
are compared to the prediction from POWHEG+PYTHIA (red line,
see text for details). The orange band represents its total
theoretical uncertainty, which is dominated by the PDF uncer-
tainty. The predictions from the MC@NLO and SHERPA MC
generators are also indicated by dashed and dot-dashed lines,
respectively.

uncertainties. From the p#% differential cross section in
Fig. 6(a) we observe that the global excess of the measured
integrated cross section compared to the POWHEG+PYTHIA
prediction seems to be related to the region with
pr <50 GeV, this difference being more pronounced
for pr < 30 GeV for W™Z events as seen in the first bin
of Fig. 9(a).

The exclusive multiplicity of jets unfolded at particle
level is presented in Fig. 10. This distribution uses the same
jet definition as for the VBS analysis (see Sec. VI A) but
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with a lower jet pt threshold of 25 GeV at detector and at
particle level. The measurement is compared with predic-
tions from SHERPA and POWHEG+PYTHIA. The SHERPA
prediction provides a good description of the measured
jet multiplicity while this is not the case for POWHEG
+PYTHIA and MC@NLO. Moreover, the ratio of 0-jet to 1-jet
event cross sections predicted by POWHEG+PYTHIA is lower
than predicted by SHERPA and than measured in data.
Finally, the measured W*Z differential cross section as a
function of the invariant mass, mjj, of the two leading jets
with pr > 30 GeV is presented in Fig. 11. The measure-
ment is better described by the SHERPA prediction, which
includes the sum of WZj;j-QCD and WZjj-EW contribu-
tions. The contribution of WZjj-EW events, which is
increasing at higher m;; is exemplified in the figure.

C. Limits on vector boson scattering production

This part of the analysis aims to study WZjj-EW
production, which includes VBS and ¢Zj processes. The
latter process results from a #-channel exchange of a W
boson between a b and a u quark giving a final state with a ¢
quark, a Z boson, and a light quark jet, but does not exhibit
diagrams with gauge boson couplings. Its contribution in
the SHERPA WZjj-EW sample is disentangled from the
VBS part, considered in this paper as the signal, with a
splitting procedure relying on the presence of b quarks at
generator level. Interference effects between the signal and
the tZj process are expected to be negligible. Since the
b-tagged sample, enriched in tZj events, still contains a
small fraction (~5%) of signal events from the scattering of
the initial-state b quark, two results with or without
subtraction of the #Zj contribution, are provided.

Given a too-low expected statistical significance for a
cross-section measurement, the experimental result is
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FIG.9. The ratio of the W*Z and W~Z differential cross sections in the fiducial phase space as a function of (a) p% and (b) |y; — ye.w|.
The inner and outer error bars on the data points represent the statistical and total uncertainties, respectively. The measurements are
compared to the prediction from POWHEGH+PYTHIA (red line; see text for details). The orange band represents its total theoretical
uncertainty, which is dominated by the PDF uncertainty. The predictions from the MC@NLO and SHERPA MC generators are also

indicated by dashed and dot-dashed lines, respectively.
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FIG. 10. The measured W*Z differential cross section in the
fiducial phase space as a function of the exclusive jet multiplicity
of jets with pp > 25 GeV. The inner and outer error bars on the
data points represent the statistical and total uncertainties,
respectively. The measurements are compared to the prediction
from SHERPA (red line), POWHEG+PYTHIA (dashed blue line), and
MC@NLO (dot-dashed violet line). The SHERPA prediction is
rescaled to the integrated cross section predicted by POWHEG
+PYTHIA. The right y axis refers to the last cross section point,
separated from the others by a vertical dashed line, as this last bin
is integrated up to the maximum value reached in the phase space.

reported as an upper limit at 95% C.L. on the fiducial cross
section multiplied by the W and Z branching ratios in a
single leptonic channel with muons or electrons. Observed
and expected upper limits are calculated using the numbers
of observed and expected events, the estimated number of
background events (see Table III), the luminosity of the
data sample, and the detector and reconstruction efficien-
cies of ~67%, and are presented in Table VII. Similar upper
limits on the 013‘;1 ZijEWt et production cross section are
measured in the aQGC phase space and shown in
Table VII. The measured upper cross-section limits are
within 1o and 20 uncertainty on the expected limit for the
VBS and aQGC phase-space measurements, respectively.
In the VBS phase space, the number of observed data
events corresponds to a cross section for WZjj-EW
production of 0.291(5 (stat) *4.% (sys) fb, to be compared
to the SM expectation of 0.13 £ 0.01 fb from VBFNLO.

XII. ANOMALOUS TRIPLE GAUGE COUPLINGS

To extract the aTGC, two model-independent paramet-
rizations of possible effects beyond the SM are followed.

PHYSICAL REVIEW D 93, 092004 (2016)
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FIG. 11. The measured W*Z differential cross section as a

function of the invariant mass of the two leading jets with
pr > 30 GeV. The inner and outer error bars on the data points
represent the statistical and total uncertainties, respectively. The
measurements are compared to the prediction from SHERPA (red
line), which includes both the WZjj-QCD and WZjj-EW
processes, POWHEG+PYTHIA (dashed blue line) and MC@NLO
(dot-dashed violet line). The part of the SHERPA prediction
corresponding to WZjj-EW events is also represented by a
dashed red line. In the bottom panel the dashed red line therefore
corresponds to the WZjj-EW fraction of the total SHERPA
prediction. The right y axis refers to the last cross section point,
separated from the others by a vertical dashed line, as this last bin
is integrated up to the maximum value reached in the phase space.

The first makes use of an effective Lagrangian describing
the WWZ vertex and includes only terms that separately
conserve the charge conjugation (C) and parity (P) quantum
numbers [79,80]. The deviation of the vector boson WWZ
couplings from the SM predicted values are introduced as
dimensionless anomalous couplings Ax?, Ag?, and AZ.

Without effects not described by the SM, the anomalous
terms cause a violation of the unitarity bound in the
interaction amplitudes. To prevent this violation, the
anomalous couplings are introduced as form factors de-
pendent on the partonic center-of-mass energy, S:
a(8) = a(0)/(1 +35/A2))?, where a(0) is the generic
anomalous coupling value at low energy and A, is a
cutoff scale at which physics effects beyond the SM should
manifest.

The second parametrization is based on an effective field
theory (EFT) in which the particle content of the SM is not
changed and the theory is extended by adding to the SM
Lagrangian a linear combination of operators of mass
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TABLE VII. Observed and expected upper limits at 95% C.L.
in fb on the fiducial cross section agiz;j.ﬁw—» Pt multiplied
by the W and Z branching ratios in a single leptonic channel with
muons or electrons in the VBS and aQGC fiducial phase space.
Values obtained with or without subtraction of the ¢Zj contri-
bution are presented. The 1o and 2¢ uncertainty intervals around

the expected limits are also indicated.

95% C.L. upper limit on o-’;i‘;’i ZiiEWosyee 0]
VBS only VBS +tZj
VBS phase space
Observed 0.63 0.67
Expected 0.45 0.49
+1o Expected [0.28;0.62] [0.33;0.67]
+20 Expected [0.08;0.80] [0.19;0.84]
aQGC phase space
Observed 0.25 0.25
Expected 0.13 0.13
+10 Expected [0.08;0.20] [0.08;0.20]
420 Expected [0.04;0.28] [0.06;0.28]

dimension higher than four [81,82]. The dimension-six
operators are expected to be dominant. There are three
independent dimension-six C- and P-conserving operators
that affect the electroweak vector boson self-interactions
and that can lead to anomalous triple vector boson
couplings. The corresponding new terms in the
Lagrangian are

Oywww = %TT[WWWDPW%],

Oy =5 (D,®) W (D, D).

Oy =55 (D,8)8"(D, ). (7)
where W;;, WY, W;(i =u,v,j=v,p), and B* are built
from the SM electroweak gauge boson fields, D;(i = p,v)
are the covariant derivatives as introduced in the SM, and ®
is the Higgs doublet field. The dimensionless coefficients
ci(i=WWW,W,B) and A represent the strength of the
new couplings and the energy scale of new physics,
respectively. This approach does not require the introduc-
tion of arbitrary form factors to restore unitarity.

The effective field theory allows the anomalous cou-
plings to be reinterpreted in terms of the EFT parameters,
c;/A*(i=WWW,W,B) [83]. For this reason the two
parametrizations can be considered equivalent. They are
both used in this analysis because the first allows a
comparison with previous analyses and the second is a
flexible way of parametrizing effects beyond the SM in
a model-independent way. Therefore, the free parameters
considered in this analysis are Ax?, Agf, and A*
or ¢;/N*(i = WWW,W,B).
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FIG. 12. Distribution of m}'? in the sum of all channels with the
same binning as used for the calculation of limits on aTGC. The
points correspond to the data and the histograms to the expect-
ations of the different SM processes. All Monte Carlo expect-
ations are scaled to the integrated luminosity of the data using the
predicted MC cross sections of each sample. The POWHEG
+PYTHIA MC prediction is used for the SM W%Z signal
contribution. The open red histogram shows the total prediction
and the shaded orange band its estimated total uncertainty. The
last bin contains the overflow. Two predictions with nonzero
values of some of the anomalous coupling parameters are also
represented by the dashed and dot-dashed lines, respectively.

The presence of aTGC would affect the W*Z integrated
cross section and manifest itself as an increased yield of
events at high values of p% or m)'2. Limits on the aTGC are
extracted from the m¥# differential distribution at detector
level, as presented in Fig. 12. The m)'? distribution is
expected to be less sensitive to higher-order QCD and EW
effects in perturbation theory (as discussed in Sec. IV). For
this reason it has smaller theoretical uncertainties than the
p% distribution at high values and provides more stringent
expected limits, as proven by a dedicated MC study.

The MC event generator MC@NLO is used to generate
W*Z events and to compute, for each event, a set of

TABLE VIII. Expected and observed one-dimensional

95% C.L. intervals on the anomalous coupling parameters.

A Coupling Expected Observed
Ag? [-0.023; 0.055] [-0.029; 0.050]

2 TeV Ax? [-0.22; 0.36] [—0.23; 0.46]
y [-0.026; 0.026] [-0.028; 0.028]
Agf [-0.016; 0.033] [-0.019; 0.029]

15 TeV Ax? [-0.17; 0.25] [—0.19; 0.30]
27 [-0.016; 0.016] [-0.017; 0.017]
Ag? [-0.016; 0.032] [-0.019; 0.029]

o0 Ax? [-0.17; 0.25] [-0.19; 0.30]
y [-0.016; 0.016] [-0.016; 0.016]
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FIG. 13. Expected and observed 95% C.L. limit contours for A,, — o in the planes (Ax?, AgF), (Ag?, %), and (AkZ, A%). The solid
and dashed lines in the figures represent the observed and expected limits, respectively. The regions outside the black contours are
excluded. The green and yellow bands correspond to the 1o and 2¢ uncertainty on the expected limit, respectively. The vertical and
horizontal lines represent the 95% C.L. one-dimensional limits calculated separately.

weights that are employed to reweight the SM sample to
any chosen value of the anomalous couplings, or EFT
coefficients. With this procedure, expected m}Y? distribu-
' ‘ ‘ ' tions are obtained for different values of the anomalous

ATLAS couplings, or EFT coefficients. This reweighting procedure
B —— ATLAS (328 ToV n is validated by comparing the SM sample reweighted to a
Agf ety 2031 A 2TV given set of aTGC values with a sample generated using the
e ATLAS V5 = 7 TeV same set of aTGC values. A global systematic uncertainty
| a6, A=2TeV | of 10% across all m}¥? bins was included in the aTGC limit
7 DO 5 = 1.96 TeV extraction procedure to account for the reweighting

A dan 41167, A=2TeV method.
T - == CDF (5=196Tev Frequentist confidence intervals on the anomalous cou-
- 711" A=2Tev — pling are computed by forming a profile likelihood test that
, o incorporates the observed and expected numbers of signal
Ak Wz = events in each bin of the m}# distribution for different
values of the anomalous couplings. The systematic uncer-
- ofs S — 0}5 —— 1* —— ‘1.'5 : tainties are included in the likelihood function as nuisance

parameters.
Table VIII presents the observed and expected one-

FIG. 14. Comparison of one-dimensional limits at 95% C.L.on  dimensional intervals at 95% C.L. on Ax*, Agf, and 4*

aTGC Limits at 95% C.L.

the anomalous coupling parameters using a cutoff scale of A, =  With the cutoff scale A, =2 TeV, A, =15 TeV, and
2 TeV and obtained from the analysis of W*Z events by the A, = oo (no cutoff). Each limit is obtained by setting the
ATLAS [3], DO [84], and CDF experiments [1]. other two couplings to the SM value. The A, value of
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TABLE IX. One-dimensional intervals at 95% C.L. on the EFT
parameters expected and observed in data.

EFT coupling Expected [TeV~2] Observed [TeV~2]

cw/ N2 [-3.7; 7.6] [-4.3; 6.8]
cp/A? [-270; 180] [-320; 210]
Cwww/ A2 [-3.9; 3.8] [-3.9; 4.0]

15 TeV is the largest form factor scale that can preserve
unitarity for all aTGC in this analysis.

Expected and observed 95% C.L. limit contours in the
planes (A%, Ag?), (Ag%, 1%), and (Ak?, A%) are shown in
Fig. 13. For each of the contours, the third parameter is set
to the SM value and the limits are derived without any
cutoff.

In Fig. 14 the present observed limits are compared to
limits previously obtained using WZ events produced in p p
collisions at the Tevatron [1,84] and by ATLAS with
/s =7 TeV pp collisions [3]. The new limits improve
previous constraints by factors of 1.5 to 2.5 and are now
the most stringent model-independent limits on WWZ
anomalous couplings.

Table IX presents the observed and expected one-
dimensional intervals at 95% C.L. on cyww/A%, cg/A?,
and cy,/A%. The sensitivity of the W*Z final state to the
EFT parameter cgz/A? is much weaker.

XIII. ANOMALOUS QUARTIC
GAUGE COUPLINGS

To extract limits on aQGC, the EFT approach introduced
in the previous section is used. Several ways of para-
metrizing possible deviations with respect to the SM exist.
In this analysis, the choice is to express the deviation using

PHYSICAL REVIEW D 93, 092004 (2016)

two parameters @, and as following existing notations
[49,85-87]. They are the coefficients of the two linearly
independent dimension-four operators contributing to the
quartic gauge couplings beyond the SM.

The WHIZARD event generator is used to compute the
ratio in the aQGC fiducial phase space, at particle level, of
the expected fiducial cross section for different values of a,
and as, to the SM cross section. WHIZARD includes a
unitarization scheme in order to ensure the unitary of the
scattering amplitude, which would be violated for values of
the quartic gauge couplings different from the SM value.

These ratios are multiplied by the SM fiducial cross
section estimated with SHERPA to obtain the predicted
fiducial cross sections as a function of a4 and as. The
SHERPA MC generator is used as the reference SM gen-
erator for the sake of consistency with the VBS cross-
section limit measurement of Sec. XI C and with a previous
search for aQGC using W=W+ j j events [88]. The expected
fiducial cross sections include only the VBS part of the
WZjj-EW process.

Distributions for the variables |A¢(W,Z)| and Y |p%]
that are used to select events in the aQGC fiducial phase
space are shown in Fig. 15 for events passing the VBS
phase space selection. The change of the shape of these
distributions when one of the aQGC parameters has a
nonzero value is also shown. After correcting for the
selection efficiency, the measured fiducial cross section
in the aQGC phase space is used to set limits on the aQGC.
The selection efficiency is estimated to be ~70% and found
to be constant over the considered @, and a5 values, within
the MC statistical uncertainties. Limits are obtained as for
the aTGC limits of Sec. XII from a profile likelihood
method that incorporates the systematic uncertainties. The
expected and observed two-dimensional limit contours at
95% C.L. on a, and a5 are shown in Fig. 16. The present

T T — T T
L @ Data 2012 —
L ?TLAS ‘ & Wa‘;jj—QcD
[ /s=8Tev,203 10" WAZLEW
20 a2 ;'ff ° (a) Misiéj. leptons
.7z
3 [ (¢, ¢=eorp) v
g [ ' I Others
> 5F === Tot. unc. -
1 A ]
>~ L
2 10 o ]
5 L H
¢ [ H
o : :
5kl | . o e e S B
. e —]
0
0 1 2 3

A 6(W,2Z) [rad]

FIG. 15.

Distribution of the difference in azimuthal angle between the reconstructed W and Z bosons, (a) |A¢(W, Z)

F atias "7 @ Damzorz

- I W'Zj-QCD
s=8TeV,20.3 1" (b) WZEW
r Isid. leptons
-
s 20F o .
[0) I Others
(0] === Tot. unc.
8 ----- @,=0.4, 4 =0
= - e
& 10 | (¢, ¢=eorp)
s - B
5 |
> | 4
“ —+
L==L=a_____-
Q
100 200 300 400 500 0
% |p?| [GeV]

, and of the scalar

sum of the transverse momenta of the three charged leptons associated with the W and Z bosons, (b) > | p? |, for the sum of all channels,
in the VBS phase space. All Monte Carlo expectations are scaled to the integrated luminosity of the data using the predicted MC cross
sections of each sample. The SHERPA MC prediction is used for the SM WZj-QCD and WZjj-EW predictions. The open red histogram
shows the total prediction and the shaded orange band its estimated total uncertainty. The prediction with nonzero values of one of the
aQGC parameters is also represented by the dashed line.
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FIG. 16. Expected and observed 95% C.L. limit contours on
aQGC parameters a4 and as. The solid and dashed lines in the
figures represent the observed and expected limits, respectively.
The regions outside the black contours are excluded. The green
and yellow bands correspond to the 1¢ and 26 uncertainty on the
expected limit, respectively. The expected exclusion contour from
an analysis by the ATLAS Collaboration using W W= events
[88] is indicated by the dotted line.

limit is compared to the expected limit obtained by the
ATLAS Collaboration using W*W=jj events [88]. This
analysis of W*Zjj events probes a domain of the (ay, as)
parameter space that could not be excluded by the analysis
of WEW=jj events.

The limits on (ay, as) coefficients used in WHIZARD can
be translated to limits on the (f50/A%, fs.1/A*) coefficients
of the Ogy and Og; operators of Ref. [89] using the
following conversion for the WWZZ vertex [90]:

fso0) 16
AT =) X g (8)

where v = 246.22 GeV is the Higgs vacuum expectation
value. Assuming A = 1 TeV and that this conversion also
holds for the K-matrix unitarization, a value of ayi5) = 0.5

corresponds to fs o) = 2177 for W*Zjj events.

XIV. CONCLUSION

Measurements of W*Z production using /s = 8 TeV
pp collisions at the LHC are presented. The data were
collected with the ATLAS detector and correspond to an
integrated luminosity of 20.3 fb~!. The measurements use
leptonic decay modes of the gauge bosons to electrons or
muons and are performed in a fiducial phase space
approximating the detector acceptance. The measured
inclusive cross section in the fiducial region for one
leptonic decay channel is oy, 1,0, = 35.1 £ 0.9(stat) +
0.8(sys) & 0.8(lumi) fb, to be compared to the next-to-
leading-order Standard Model expectation of 30.0 £2.1 fb.

PHYSICAL REVIEW D 93, 092004 (2016)

With a total experimental relative uncertainty of 4.2%, a
precision better than presently available from theoretical
predictions is reached. The measured cross section is found
to be slightly larger than the NLO SM prediction. A
comparison to a prediction incorporating full NNLO
QCD effects would therefore be very interesting.

Furthermore, the W*Z production cross section is mea-
sured as a function of each of several kinematic variables and
compared to SM predictions of the POWHEG+PYTHIA,
MC@NLO, and SHERPA Monte Carlo event generators.

The ratio of the cross sections for W*Z and W~Z
production is measured. Integrated over the detector fiducial
phase space it is oy, /o0, 4., =1.5120.11 to
be compared to the NLO SM expectation of 1.69 £ 0.07. The
differential evolution of this cross-section ratio as a function
of each of a few kinematic variables is also measured and
compared to available SM predictions.

The transverse mass spectrum of the W*Z system is used
to search for anomalous triple gauge boson couplings and
limits on Ak?, Ag%, and A% are derived. With an improve-
ment by a factor of about 2 compared to previously existing
constraints, these are the most stringent model-independent
limits on WWZ anomalous couplings to date. Results are
also interpreted as limits on the cy /A2, cp/A?, and
cwww/A? coefficients of the EFT parametrization.

Finally, events with a W and a Z boson associated with
two or more forward jets have been analyzed and an upper
limit at 95% C.L. on the W*Z scattering cross section of
0.63 fb for one leptonic decay channel has been estab-
lished. Limits on anomalous quartic gauge boson couplings
have also been extracted.

For W*Z production, the measurements presented here
are the most precise and complete to date and have the
potential to further constrain existing Standard Model
theoretical predictions, which are presently only available
at next-to-leading order in QCD.
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