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Observation of WZy Production in pp Collisions at \/s =13 TeV with the ATLAS Detector
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This Letter reports the observation of WZy production and a measurement of its cross section using
140.1 & 1.2 fb~! of proton-proton collision data recorded at a center-of-mass energy of 13 TeV by the
ATLAS detector at the Large Hadron Collider. The WZy production cross section, with both the W and Z
bosons decaying leptonically, pp — WZy — £'Fve+¢~y (¢U) = e, p), is measured in a fiducial phase-
space region defined such that the leptons and the photon have high transverse momentum and the photon
is isolated. The cross section is found to be 2.01 4 0.30(stat) £ 0.16(syst) fb. The corresponding standard
model predicted cross section calculated at next-to-leading order in perturbative quantum chromodynamics
and at leading order in the electroweak coupling constant is 1.50 = 0.06 fb. The observed significance of
the WZy signal is 6.30, compared with an expected significance of 5.0c.
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Electroweak (EW) production of triboson states, Vyy,
VVy, and VVV (V=W or Z), in high-energy proton-
proton (pp) collisions provides one of the primary means
to probe the quartic interactions between EW gauge bosons
and to carry out indirect searches for physics beyond the
standard model (SM). Although such studies are exper-
imentally challenging because of the small cross sections
involved and the presence of significant background con-
tributions, the ATLAS and CMS experiments at the Large
Hadron Collider (LHC) have observed some of the relevant
channels. The ATLAS and CMS collaborations have
observed Zyy production at pp center-of-mass energies
/s of 8 and 13 TeV [1-4], while Wyy production has
recently been observed by ATLAS at /s = 13 TeV [5].
The combined production of three massive gauge bosons,
VVV, has been observed at /s = 13 TeV by CMS [6], and
the observation of WWW production was reported by
ATLAS [7], also at /s = 13 TeV. Recently, WWy pro-
duction has been observed by CMS at /s = 13 TeV [8].
No evidence for WZy or ZZy production has yet been
obtained. For these channels, only upper limits of approx-
imately 2—4 times the predicted SM cross section on the
combined production of the WWy and WZy triboson states
at /s = 8 TeV have been reported by the ATLAS [9] and
CMS [10] Collaboration.

This Letter reports the observation of WZy production in
pp collisions with both the W and the Z boson decaying
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leptonically, pp — WZy — £'*vf+¢~y, where ¢ and ¢
are an electron or a muon, using 140.1 4 1.2 fb=! [11,12]
of dataat \/s = 13 TeV recorded with the ATLAS detector.
The #'*v¢+ ¢~y production cross section is measured in a
fiducial phase-space region defined such that the leptons
and the photon have high transverse momentum and the
photon is isolated, and including kinematic requirements
that enhance the relative contribution from processes where
the photon is produced directly in the initial hard-scattering
interaction, as illustrated in Figs. 1(a)-1(c), including the
quartic interaction contribution of primary interest of
Fig. 1(b), rather than being radiated from a final-state
charged lepton (final-state radiation, FSR), as illustrated in
Figs. 1(d)-1(e).

The ATLAS experiment [13] at the LHC is a multipur-
pose particle detector with a forward-backward symmetric
cylindrical geometry covering nearly the entire solid angle
around the collision point [14]. Its major components are an
inner tracking detector (ID) surrounded by a thin super-
conducting solenoid providing a 2 T axial magnetic field,
electromagnetic (ECAL) and hadron (HCAL) calorimeters,
and a muon spectrometer (MS). A two-level trigger system
is used to select events for storage. Events used in this
analysis were selected online by single-electron or single-
muon triggers. An extensive software suite [15] is used in
data simulation, in the reconstruction and analysis of real
and simulated data, in detector operations, and in the trigger
and data acquisition systems of the experiment.

The energy of photon and electron candidates is recon-
structed from deposits in topologically connected ECAL
cells, and calibrated using information about charged-
particle tracks reconstructed in the ID [16]. Photon (elec-
tron) energy clusters are required to have a pseudorapidity
in the range || < 2.37 (|| < 2.47), excluding the tran-
sition region 1.37 < || < 1.52 between the ECAL barrel
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FIG. 1.
processes Z — £ ¢~y and W — £'vy.

and end caps. Muon candidates are reconstructed [17] from
tracks in the MS that are matched to a corresponding track
in the ID, and their pseudorapidity must satisfy |n| < 2.5.
Lepton candidates must originate from the primary vertex
[18] and are selected by requiring |dy|/0,, < 5.0(3.0) for
electrons (muons) and |z, sin(8)| < 0.5 mm for both lepton
flavors, where d;, and 6, are the track’s transverse impact
parameter and its uncertainty, z, is the longitudinal impact
parameter, and 6 is the polar angle of the track’s direction.
The shower shapes produced in the ECAL and HCAL
along with the track information are used to identify
photons and electrons. Photon shower shapes must satisfy
the “tight” photon identification criteria of Ref. [16]. Signal
electrons must satisfy the tight likelihood identification
criteria of Ref. [16], while signal muons must satisfy the
“medium” identification criteria of Ref. [17]. Photon,
electron, and muon candidates are required to be isolated
from other particles. The isolation criteria limit the summed
transverse momenta of tracks and the summed transverse
energies of topological clusters [19] that are allowed in
separately defined conical regions around the direction of
the photon or lepton. Photon and electron candidates must
satisfy the “loose” and “gradient” isolation criteria of
Ref. [16], respectively. Muon candidates must satisfy the
“PflowTight” isolation criteria of Ref. [17].

The neutrino’s transverse momentum (pr) is estimated
from the missing transverse momentum in the event E?iss,
calculated as the magnitude of the negative vector sum of the
transverse momenta of all identified high- pt physics objects,
together with the contribution from an additional “soft term,”
which is calculated from ID tracks matched to the primary
vertex, but not assigned to any of the high-pr objects [20].

The WZy signal region (SR) is defined by requiring an
ete” or utu~ pair together with an additional e* or y* and
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Representative leading-order Feynman diagrams for (a)—(c) WZy production and (d),(e) #/*v£+ ¢~y production via the FSR

at least one photon. The three selected leptons must satisfy
pé > 20 GeV, and at least one lepton must have
p5 > 30 GeV. At least one of the electrons or muons
must be matched to the trigger-level electron or muon that
triggered the event. The highest-pt photon in the event is
taken as the signal photon and must have pf. > 15 GeV.
The event is required to have ET'* > 20 GeV. To reduce
the background from ZZy production, the event must not
contain additional leptons with p% > 10 GeV satisfying the
medium [16,17] requirement for electron and muon iden-
tification and the PflowLoose [17] requirement for muon
isolation. For the e*v u*u"y and pu*v,e" ey final states,
the leptons forming the ™y~ or e™e™ pair, respectively, are
referred to as “Z leptons.” For the e*v,ete”y and
p=v,pup”y final states, the leptons forming the £ £~ pair
with invariant mass closest to the nominal Z boson mass
[21], my, are assigned as the Z leptons. The third lepton
remaining after assigning the Z-lepton pair is called the “W
lepton.” If the W lepton is an electron, the invariant mass of
the W lepton and the photon, m(ey,y), is required to
satisfy |m(ey,y) — mz| > 10 GeV to reduce the number of
77 events where one of the Z bosons decays into an e*e™
pair and either the e or the e~ is misidentified as a photon.

The angular separation AR = +/(An)? + (A¢)? between
each lepton and the photon is required to satisfy
AR(?¢,y) > 0.4. This ensures reliable reconstruction of
the lepton and the photon and also reduces the contribution
from radiative decay (FSR) of the W boson (W — #*vy)
and Z boson (Z — £7¢"y). The contribution from events
where the photon is produced from FSR of the Z boson is
further reduced by requiring the invariant mass m,, of the
Z-lepton pair to exceed 81 GeV.

The expected signal contribution to the selected event
sample is obtained using a sample of inclusive Z/*vZ+ ¢~y
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signal events with invariant mass of the same-flavor oppo-
site-charge (SFOC) lepton-pair greater than 20 GeV and with
the lepton-neutrino pair’s invariant mass exceeding 2 GeV,
generated by SHERPA2.2.11 [22] with the NNPDF3.0 NNLO
[23] parton distribution function (PDF) set. Matrix elements
including all diagrams with three electroweak couplings
were calculated with zero parton emissions at next-to-leading
order (NLO), or with one or two partons at leading order (LO)
in QCD, and at LO in the EW coupling constant and merged
with the SHERPA parton shower [24] (PS) according to the
CKKW procedure [25]. Photons radiated from the initial-
and final-state charged particles were also generated, with a
minimum photon energy requirement of 7 GeV at parton
level in the matrix element calculation.

The dominant backgrounds originate from processes
with a nonprompt lepton or photon from a hadron decay
or a jet misidentified as a prompt lepton or photon, e.g.,
Z(=CT )y +X, tty, WZ + X, and ZZ(—- "' ¢7) +
X. Such backgrounds are referred to as nonprompt back-
grounds and estimated using data-driven techniques based
on selecting event samples containing a loose lepton and/or
a loose photon among the selected signal leptons and
photon, so as to be enriched in lepton- and/or photonlike
jets. Loose electrons must satisfy the medium likelihood
identification requirement of Ref. [16] and fail the tight
identification or gradient isolation requirements. Loose
muons must be nonisolated and/or be matched more
loosely (3.0 < |dy|/o,, < 10.0) than signal muons to the
primary vertex. Loose photons must fail to meet either the
loose isolation or the tight identification criteria but satisfy
looser ones. The number of nonprompt background events
Nronprompt iy the SR is estimated as

nonprompt __ E ¢ ( a7data prompt
Nronp Pt = Fi(NB,i _NB.i )
i
4 data prompt
+ D F(NER - NET)
J

£ 1 ( nydata prompt
- E FiFj(ND,i,j_ND,i,j ):
i.j

where F' if (F }jf) is a “fake factor” defined as the ratio of the
probability that a leptonlike (photonlike) jet meets the
signal selection criteria to the probability that it meets the
loose selection criteria, determined in bin i (j) of the loose
lepton (photon) pr; subscripts B, C, and D represent
regions where events are selected with the same set of
criteria as the SR but with one loose lepton, one loose
photon, or one loose lepton and one loose photon,

respectively; N, and Ng’(rj?}g’t represent the yields of
data and of processes with prompt leptons and photons, i.e.,
WZy, ZZy, ZZ(e - y), Zyy, in region X (X = B, C, D)
and bin i (j). The fake factor F* is determined from a dijet
event sample selected by requiring exactly one signal

lepton or one loose lepton candidate balanced by a jet,

TABLE 1. The data event yield and postfit signal and back-
ground yields in the SR and CRs for ZZy and ZZ(e — 7). The
uncertainties include both the statistical and systematic contri-
butions. The uncertainty in the total yield can be smaller than the
quadrature sum of the contributions because of correlations
resulting from the fit.

Process SR ZZy CR ZZ(e —»y) CR
WZzZy 92+ 15 0.21 £ 0.07 0.56 £0.14
ZZy 10.7£23 23+5 1.8£04
ZZ(e - 7) 3.0£0.6 0.028 £0.020 306
Zyy 1.05+0.32  0.15+0.06 0.29 +£0.10
Nonprompt

background 30+6
Pileup y 1.9£0.7
Total yield 139+ 12 23+5 33+6
Data 139 23 33

as detailed in Ref. [26]. The fake factor F? is determined
from a Z + jets event sample selected by requiring a SFOC
lepton pair and either one signal photon or one loose
photon candidate. The yields of photonlike jet events in the
signal and loose photon regions of the Z + jets sample are
estimated using the data-driven method described
in Ref. [27].

The ZZy background contribution is estimated using a
SHERPA22.11 [22] Monte Carlo (MC) event sample gen-
erated with the same configuration as used for the WZy
signal sample. The normalization of the ZZy background is
constrained using a ZZy control region (CR) defined
similar to the WZy SR, except that the requirement on
my, is loosened to m,, > 40 GeV, the requirement on
E™ss is removed, and the veto on additional leptons is
replaced by a requirement that a fourth lepton must be
present with pr > 10 GeV, satisfying looser identification
and isolation criteria than for signal leptons.

The background from ZZ events in which a Z boson
decays into an e*e™ pair and either the electron or positron
is misidentified as a photon, denoted by ZZ(e — y), was
modeled with an inclusive sample of pp — ZZ — 4¢ MC
events generated by POWHEG BOX [28-30], which was
interfaced to PYTHIA8.2.10 [31] for parton showering
and simulation of the underlying event. The CT10 NLO
PDF set was used for the hard-scatter process, while the
CTEQ[6L1] [32] PDF set was used for the PS. Each
reconstructed photon selected from this sample is required
to be an electron in the generator’s event record. The
normalization of the ZZ(e — y) background is constrained
using a CR defined similar to the WZy SR, but with the
E™ss and |m(ey,y) — my| criteria inverted to require
EMiss < 20 GeV and |m(ey,y) — my| < 10 GeV.

The background from Zyy production where one of the
photons is misidentified as an electron is estimated using an
MC event sample generated with SHERPA2.2.10 [22] at NLO,
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FIG. 2. Distributions of photon pk (top left), leading lepton p? (top right), m,, (bottom left), and EF** (bottom right) in the SR.
Lower (in each figure): the ratio of the data points to the postfit total prediction. The arrows indicate that the ratio lies outside the range
covered by the vertical axis. The uncertainty bands include both the statistical and systematic uncertainties as obtained by the fit. The

overflow content of each histogram is added to the last bin.

with up to two additional partons at LO accuracy, and the
NNPDF3.0 NNLO [23] set of PDFs.

Pileup background, denoted by “pileup y,” where the
photon and the trilepton system in a selected event are
produced in separate pp interactions, arises because the
reconstructed photon’s point of origin is determined rela-
tively poorly. This background contribution is estimated
using a method similar to that introduced in Ref. [27],
where a sample of simulated pileup events is obtained at
particle level by overlaying the photon from a y 4 jets MC
event onto an event from an inclusive pp - WZ — £'ve?¢
MC sample.

The WZy production cross section is measured in a
fiducial phase-space region (FR) defined at particle level by
kinematic requirements closely matching those used to
define the detector-level SR, using photons, electrons,
muons, and neutrinos in the MC event record that do
not originate from the decay of a 7 lepton or a hadron. The
pr values of the three signal leptons and the neutrino must
exceed 20 GeV, and the pt of the leading lepton must be

greater than 30 GeV. The pt of the signal photon must be
above 15 GeV. A pseudorapidity requirement || < 2.5
(In"| < 2.37) is imposed on leptons (photons). The four-
momenta of photons within a cone of size AR = 0.1 around
each electron or muon are added to the electron or muon
four-momentum, a procedure commonly referred to as
“dressing.” Each remaining prompt photon must satisfy
an isolation criterion at particle level, which requires the
scalar sum of the pr of all stable particles within a cone of
size AR = 0.2 around the photon to be less than 7% of the
photon p%. The angular separation between each lepton and
the photon is required to satisfy AR(¢,y) > 0.4. The Z
candidate mass m,, must exceed 81 GeV.

The WZy signal event contribution in the SR is deter-
mined using a profile-likelihood fit [33] for a signal-
strength parameter uyz,, which measures the signal con-
tribution relative to the SM expectation. The value of pyz,
is extracted simultaneously with the normalizations 7,
and p,, of the ZZy and ZZ(e — y) backgrounds, respec-
tively, by including the dedicated ZZy and ZZ(e — y)
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control regions in the fit. The fit is carried out for all
leptonic final states combined and hence uses three bins in
total: one SR and two CRs.

Systematic uncertainties affecting the predicted SM yields
contain contributions from electron and muon triggers,
reconstruction, identification [17,34], and isolation require-
ments, energy and momentum scales [17,35], modeling of
E%‘iss [36], and theoretical modeling of WZy events. The last
of these is estimated by varying the renormalization and
factorization scales, and the PDFs and a,, according to
prescriptions in Refs. [37,38]. Other contributions include
uncertainties from the determination of lepton and photon
fake factors and modeling of prompt backgrounds in looser
lepton and/or photon regions, uncertainties in the Zyy cross
section and pileup background, and signal and background
uncertainties due to limited sample size. The dominant
systematic uncertainty in the measured cross section in the
FR oy, arises from the data sample size in the loose lepton
and/or photon region and is 5.4%, followed by a 2.5%
uncertainty from the photon identification and isolation
efficiency and a 2.4% uncertainty related to calibrations of
muon isolation, identification, and reconstruction efficien-
cies, as well as momentum resolution and scale. The
systematic uncertainties are included in the fit as nuisance
parameters constrained by Gaussian probability density
functions, except for statistical uncertainties of the signal
and backgrounds, which are constrained by Poisson prob-
ability density functions.

The background-only hypothesis is rejected with an
observed (expected) significance of 6.3 (5.0) standard
deviations. The observed signal strength is uyz, =
1.34 £ 0.20(stat) & 0.10(syst) &= 0.07(theory), the uncer-
tainty being dominated by a statistical uncertainty of 15%.
The obtained py, is consistent with those obtained sepa-
rately from the four final states. The fitted values of u,,, and
Hzz are 1.19 £0.25 and 0.98 £ 0.19, respectively. The
postfit yields of the signal, backgrounds, and data are shown
in Table I. WZy events where signal electrons or muons are
products of z-lepton decays constitute 5% of the total WZy
yield in the SR and are scaled by 1y, Figure 2 compares the
data with the postfit signal and background predictions for
the photon p’., leading-lepton p%, Mmyp, and E%’iss distribu-
tions in the SR. Good agreement is observed for all
distributions.

The predicted SM fiducial cross section o3y, obtained
using the SHERPA2.2.11 event generator is 1.50 £ 0.01(stat)+
0.02(PDF + @) 4 0.06(scale) fb. This value does not
include the effect of NLO EW corrections, which has been
found to be Kgyw = ohtOEW/6EQ =1.05 [39] for the
subprocess pp - WZy — etv, u"p~y. The measured cross
section in the FR is oy, = pwz opy =201+
0.30(stat) &= 0.16(syst) fb, which is consistent with the
SM prediction to within 1.5 standard deviations.

In conclusion, the process pp — WZy has been
observed by the ATLAS detector at the LHC. Events with

three prompt leptons, containing one same-flavor opposite-
charge pair, plus one prompt photon and missing transverse
momentum were selected from a 140 fb~! dataset collected
from /s = 13 TeV proton-proton collisions. The back-
ground-only hypothesis is rejected with an observed
(expected) significance of 6.3 (5.0) standard deviations.
The pp — WZy — £'Fve ¢y (€11 = e, p) cross section
in the fiducial phase space defined by kinematic require-
ments on the £'v£¢y system and by isolation requirements
on the photon is measured to be 2.01 £ 0.34 fb.
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