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This Letter presents the first evidence of the simultaneous production of two Z bosons and one photon
with the ATLAS detector at the Large Hadron Collider. The measurement is performed using the full Run-2
dataset, recorded from 2015 to 2018, of proton-proton collisions at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 140 fb−1. The fully leptonic final state with four leptons and
one photon is analyzed, pp → ZZγ → lþl−l0þl0−γ with l;l0 ¼ e or μ. This final state is measured in a
fiducial region where photon final-state radiation is minimized, and the photon has a transverse momentum
of pγ

T > 20 GeV. Eight events are selected, with a background estimate of 0.92� 0.15. This results in an
observed (expected) significance of the ZZγ final state of 4.4σ (4.0σ). The measured cross section for
pp → ZZγ → lþl−l0þl0−γ in the fiducial region is σZZγ ¼ 0.144þ0.065

−0.051 ðstatÞþ0.008
−0.004 ðsystÞ fb, in agreement

with the standard model prediction of σSMfid ¼ 0.130� 0.006 fb.

DOI: 10.1103/jngg-1nf3

Processes with three electroweak gauge bosons in the
final state (e.g., WWW [1,2], WZγ [3,4], Wγγ [5,6], and
Zγγ [6,7]) typically have low cross sections in proton-
proton (pp) interactions at the Large Hadron Collider
(LHC) [8]. Because of the unprecedented integrated lumi-
nosity recorded at the LHC, studies of these processes have
recently become feasible. In this Letter we present evidence
of ZZγ production measured with the ATLAS experiment.
The analysis uses the full ATLAS Run-2 dataset of

ffiffiffi
s

p ¼
13 TeV pp collisions corresponding to an integrated
luminosity of 140 fb−1. This measurement represents a
step forward in probing the gauge structure of the standard
model (SM). In the future the ZZγ triple-gauge-boson
process can be used to test quartic gauge couplings,
including possible deviations arising from new physics
[9,10], which will benefit from the even larger dataset being
recorded in LHC Run-3.
In the SM, the ZZγ final state is produced dominantly by

Feynman diagrams of the type shown in Fig. 1(a). A
subdominant contribution (1%) originates through ZH
production with the Higgs boson decaying into a Z boson
and a photon, as shown in Fig. 1(b); the effective HZγ
coupling is indicated in the diagram. The ZH production
yields the ZZγ final state and is taken to be part of the signal
definition. As the Run-2 dataset is limited, an inclusive

measurement is performed. The analysis reconstructs the
two Z bosons through their decays into electrons and
muons, resulting in four-lepton final states (eþe−eþe−,
eþe−μþμ−, or μþμ−μþμ−) and a photon. The signal
definition includes events where a Z boson decays into
leptonically decaying τ leptons. The ZZ production with
subsequent radiation of a photon from a final-state lepton
[see Fig. 1(c)], called final-state radiation (FSR), can also
produce a four-lepton-plus-photon final state. This contri-
bution is explicitly suppressed by a dedicated rejection
criterion, as it is considered to be part of the ZZ and not of
the targeted ZZγ production.
The ATLAS experiment [11] at the LHC is a multipur-

pose particle detector with a cylindrical geometry [12]. It
consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadronic calorimeters, and a
muon spectrometer based on three large superconducting
air-core toroidal magnets with eight coils each. The
luminosity is measured mainly by the LUCID-2 [13]
detector that is located close to the beam pipe. A two-
level trigger system is used to select events [14]. A 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 data in this analysis were collected between 2015

and 2018 in pp collisions at
ffiffiffi
s

p ¼ 13 TeV. Only events
recorded with a fully operational detector and stable beams
are used [16]. The resulting integrated luminosity is
140 fb−1 with an uncertainty of 0.83% [17]. Signal and
background processes were simulated with several
Monte Carlo (MC) event generators, and the ATLAS
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detector response was modeled with Geant4 [18,19]. Data
and simulated events are processed with the same
reconstruction and analysis software.
The ZZγ signal is simulated using a Sherpa 2.2.11 4lγ

sample [20]. The sample was generated at next to leading
order in perturbative QCD with zero additional partons and
at leading order for up to two additional partons; the matrix
elements were merged with the Sherpa parton shower [21]
according to the CKKW procedure [22]. The NNPDF3.0

next-to-next-to-leading-order parton-distribution-function
(PDF) sets are used [23]. The sample includes both on-
and off-shell Z boson contributions, next-to-leading-order
electroweak corrections, and FSR photons. As the Higgs
boson contribution is not included in that sample, an
additional signal sample for ZH → ZZγ was generated
with Powheg-Box [24–26] interfaced to PYTHIA 8.210 [27].
The interference between the two processes is neglected,
given the small width of the Higgs boson.
The signal region (SR) is defined by the presence of two

opposite-sign same-flavor (OSSF) lepton pairs (electron or
muon) and one photon with high transverse momentum
(pT); no additional requirements are placed on other objects.
Photon and electron candidates are reconstructed from

energy clusters in the electromagnetic calorimeter and
combined with information from particle tracks in the inner
detector, as described in Ref. [28]. The selected electron
(photon) energy clusters must lie within jηj < 2.47
ðjηj < 2.37Þ, with the transition region between the barrel
and the end-cap calorimeters excluded (1.37 < jηj < 1.52).
Muon candidates are reconstructed by combining tracks
from the muon spectrometer with inner detector tracks,
according to Ref. [29], and are required to fulfill jηj < 2.5.
All lepton candidates must originate from the primary vertex,
which is defined as the vertex with at least two tracks that has
the highest sum of squared transverse momenta of its
associated tracks. The significance of each electron (muon)
track’s transverse impact parameter, d0, must satisfy
jd0j=σd0 < 5ð3Þ and the longitudinal impact parameter,
z0, must fulfill jz0 sinðθÞj < 0.5 mm [30]. Electron (muon)
candidates are required to pass the Medium identification

criteria and the Loose (PflowLoose) isolation criteria given in
Refs. [31,32], and have pT > 10 GeV. One or two of the
lepton candidates must have fired an unprescaled single or
dilepton trigger [33,34]. Additionally, photon candidates
must have pγ

T > 20 GeV, satisfy the Loose isolation and
Tight identification criteria of Ref. [31], and be separated
from lepton candidates. If a lepton-photon pair fulfills
ΔRðl; γÞ < 0.4, the photon is discarded. Likewise, electrons
found within ΔRðμ; eÞ < 0.2 of a muon candidate are
removed from the event.
The photon candidate with the highest transverse

momentum, pγ
T, is selected. The pT of the leading and

subleading leptons must be greater than 30 and 25 GeV,
respectively. The two OSSF lepton pairs with invariant
masses (mll;1; mll;2) of at least 40 GeV and closest to the
Z boson mass mZ [35] are chosen, minimizing
(jmll;1 −mZj þ jmll;2 −mZj). If an event contains an
FSR photon that carries a sizable fraction of the Z-boson
decay energy, the pairing can become ambiguous. This
ambiguity is resolved by imposing additional requirements.
To reject FSR events, the sum of the three-body invariant
mass mllγ and mll of each of the OSSF lepton pairs must
exceed twice the Z boson mass, ðmllγ þmllÞ > 2mZ. This
is motivated by the fact that, in case of an FSR photon, the
three-body invariant mass mllγ is expected to be near mZ,
while mll of the same lepton pair tends to be smaller than
mZ [7,36].
The ZZγ production cross section is measured in a

fiducial phase-space region defined at particle level with
kinematic requirements that closely match those defining
the detector level SR. The four-momenta of photons found
within a cone of size ΔR ¼ 0.1 around each electron or
muon are added to its four-momentum. The pT and
invariant mass requirements on the four signal leptons
and the photon are identical to the ones in the SR. The
pseudorapidity requirement jηlj < 2.5 (jηγj < 2.37) is
imposed on leptons (photons). Photon isolation is imposed
by demanding that the scalar sum of the pT of all stable
particles (cτ > 10 mm) within a cone of size ΔR ¼ 0.2
around the photon is less than 7% of the photon pγ

T.

FIG. 1. Typical Feynman diagrams producing an llllγ final state for (a) the triboson production, (b) the Z-Higgs boson production,
and (c) the ZZ production with final-state radiation.
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The dominant background arises from nonprompt pho-
tons, i.e., photons coming from hadron decays, and
accounts for roughly 75% of the total background yield.
A second source is nonprompt leptons—leptons from
hadron decays or misidentified jets and photons—contrib-
uting around 15%. The remaining 10% are due to pileup;
additional pp collisions that occur in the same or in
neighboring bunch crossings. Other background contribu-
tions were evaluated and found to be negligible.
Nonprompt photons are mainly produced from π0 decays

within jets and are typically surrounded by hadronic
activity. The photon isolation requirements suppress this
background significantly. The background that remains is
estimated with data-driven techniques. Because of the small
data sample, a nonprompt photon ratio method is applied.
The underlying idea is that the fraction of jets misidentified
as nonprompt photons will be approximately independent
of the number of Z bosons in the event. This is justified by
the fact that the photons arise from the hadronization of the
jet, a process that does not depend on the electroweak part
of the event. Under this assumption one obtains the
following relation:

NZZγ;γnonprompt

NZZþjets
¼ NZγ;γnonprompt

NZþjets

⇒ NZZγ;γnonprompt
¼ NZγ;γnonprompt

NZZþjets

NZþjets
: ð1Þ

The number of events with a nonprompt photon in the SR is
denoted by NZZγ;γnonprompt

, while the number of events with a
nonprompt photon in the Zγ control region (CR) is
NZγ;γnonprompt

. The Zγ CR is defined similarly to the SR but
without the second OSSF lepton pair. Additionally, NZþjets

and NZZþjets are the number of events with at least one jet
and one or two Z bosons, respectively.
For Eq. (1) to be a good approximation, the phase-space

requirements of all selections must be as similar as
possible. The single-Z events satisfy the same criteria as
the leading Z boson in the di-Z selection. Using particle-
flow objects [37] as input, jets are reconstructed via the
anti-kT algorithm [38,39] with R ¼ 0.4, and the highest pT
jet is required to pass the same pT requirement as the
photon, pT > 20 GeV. To account for the jet width, jets
within jηj < 2.6 are allowed, and the transition-region veto
is not applied.
The number of nonprompt photons in the Zγ CR is

estimated via a data-based purity method. The purity P is
defined as the fraction of Zγ prompt photon events relative to
the total number of Zγ prompt and nonprompt photon
events. Its values range from 0.75 to 0.98 increasing with
pγ
T. The purity is taken from a two-dimensional sideband

method used to estimate the Z þ jets background in the
previous Zγ analysis [36]. For the data-driven purity method,
the total number of Zγ events—with prompt and nonprompt

photons—in the Zγ CR is needed. The tt̄γ, WZ, and ZZ
background contributions (3.3%) are estimated with MC and
subtracted from data in the Zγ CR. The remaining events are
multiplied by (1 − P) to obtain the number of nonprompt
photon events in the Zγ CR. As a cross-check, a MC-based
purity estimation is performed with the same Sherpa 2.2.4 Zγ
sample as used in Ref. [36]. In this case the Zγ MC yield in
the Zγ CR is scaled by ð1 − PÞ=P to give the nonprompt
photon component. The results of the two methods agree
within uncertainties.
The ratio of ZZ þ jets and Z þ jets events is taken from

data. The ratio shows a clear dependence on the transverse
momentum of the jet but no dependence on other kinematic
variables (e.g., η, ϕ). Multiplying the estimate of the
number of nonprompt photon events in the Zγ CR by
the ratio of ZZ þ jets and Z þ jets events as given by
Eq. (1) in bins of pT yields NZZγ;γnonprompt

¼ 0.71�
0.02ðstatÞ � 0.13ðsystÞ in the SR.
The systematic uncertainty of NZZγ;γnonprompt comes from

the uncertainty in the purity (14%) [36], the uncertainty in
the jet component differences from the ratio of quark- and
gluon-induced jets in ZZ þ jets and Z þ jets events derived
from MC samples (10%), the difference with respect to the
MC-based purity estimate to account for phase-space
differences to the Zγ analysis (7%), and the luminosity
uncertainty (< 1%). The method is validated by replacing
one Z boson with a W boson and shows good agreement
with the nonprompt photon estimate in theWZγ analysis [3].
The second source of background comes from nonprompt

leptons and is estimated with the matrix method [40]. The
method uses the efficiencies of the prompt and nonprompt
leptons to pass the tight SR selection relative to a looser
baseline selection. Baseline electrons have no isolation
requirements and a Loose identification [31]. Baseline
muons have a looser transverse impact parameter require-
ment, jd0j=σd0 < 10, and no isolation requirement. All other
selection criteria are the same as in the SR. A nonprompt
lepton-enriched Z þ 1l CR is defined, where exactly three
leptons are required and no photon is selected. Two of the
three leptonsmust fulfill theZ boson requirements of the SR.

TABLE I. Overview of the expected number of signal and
background events for the full Run-2 dataset and the observed
number of events.

Number of events

Signal 6.36� 0.09ðstatÞ � 0.18ðsystÞ
Nonprompt photons 0.71� 0.02ðstatÞ � 0.13ðsystÞ
Nonprompt leptons 0.12� 0.02ðstatÞ � 0.08ðsystÞ
Pileup 0.09� 0.002ðstatÞ � 0.02ðsystÞ
Total background 0.92� 0.03ðstatÞ � 0.15ðsystÞ
Ntot prediction 7.28� 0.09ðstatÞ � 0.23ðsystÞ
Ntot data 8
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Prompt lepton contributions from WZ and ZZ processes,
estimated with MC simulations, are subtracted from the
data in the Z þ 1l CR. The prompt-lepton efficiency is
obtained with the Sherpa 2.2.11 4lγ signal sample; the non-
prompt-lepton efficiency is measured in the Z þ 1l CR.

Because of the limited number of events, the nonprompt
lepton contribution is estimated in a ZZ CR—the SR with-
out any photon requirements—and extrapolated to the SR. A
30% modeling uncertainty is applied to account for
the different lepton pT spectra in the ZZ CR and the SR.
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FIG. 2. Data are compared with the signal and background expectations in the SR. In (a) the event yields are shown in the 4e, 4μ, 2e2μ,
and 4l channels, where the 4l channel is the sum of the other three channels, as distinguished by the dashed line. Distribution of (b) the
photon transverse momentum pγ

T, (c) the four-lepton-plus-photon invariant mass m4lγ , and (d) the dilepton invariant mass mll, which
includes entries from the leading and subleading Z boson.
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The background estimate in the SR is Nnonpromptl
ZZγ ¼

0.12�0.02ðstatÞ�0.08ðsystÞ. The two largest systematic
uncertainties are the uncertainty on the prompt lepton
contributions estimated from MC simulations in the
Z þ 1l CR and from the modeling uncertainty.
The final source of background, the pileup background,

consists of the combination of a ZZ event with a photon
produced in a different pp collision, entering the sample
due to the poor reconstruction of the photon’s point of
origin. It is estimated with a method similar to the one used
in Ref. [36]: particle level pp → ZZ → 4l events are
overlaid with photons from inclusive γ þ jet production.
The events in the fiducial region are selected and a
correction factor is applied to derive the pileup contribution
in the SR. The correction factor accounts for limited
detector resolution and reconstruction inefficiencies and
is derived with the 4lγ sample. This results in a pileup
contribution of NPU ¼ 0.089� 0.002ðstatÞ � 0.022ðsystÞ.
To extract the ZZγ signal event contribution in the SR, a

profile-likelihood-ratio test statistic is constructed in
the asymptotic approximation [41] using the data and
backgrounds estimated as above. This determines a sig-
nal-strength parameter μZZγ, which measures the signal
contribution relative to the SM expectation. All leptonic
final states are fitted simultaneously, using the estimated
background contributions, the observed numbers of events,
and the prefit yield of the expected signal.
Systematic uncertainties affecting the cross-section

measurement include contributions from electron trigger,
reconstruction, identification [31] and isolation require-
ments (0.6%), photon identification and isolation require-
ments (1.6%), electron-photon resolution and energy scale
[42] (0.5%), muon trigger, reconstruction, identification
[32] and isolation requirements, and momentum resolution
and scale [32] (0.9%), modeling of the pileup in the MC
samples (1.4%), luminosity (0.9%), and theoretical model-
ing of ZZγ events (1.4%). The theoretical modeling is
estimated by varying the renormalization and factorization
scales, as well as the PDFs and αs, according to
Refs. [43,44]. In addition, the uncertainty in the predicted
SM signal yield due to a limited MC sample size (1.4%)
and the background uncertainties (2.3%) contribute to the
systematic uncertainty in the measured cross section in the
fiducial region, σZZγ . The total systematic uncertainty is
4.0%. The measurement is statistics limited, with about
40% statistical uncertainty.
A summary of the number of signal and background

events is shown in Table I. Distributions in the different
decay channels, the transverse momentum of the photon,
the four-lepton-plus-photon invariant mass, m4lγ , and the
dilepton invariant mass of the leading and subleading Z
boson are displayed in Fig. 2. The analysis is dominated by
statistical uncertainties. The different lepton-flavor final-
state yields are consistent with expectations, and good
agreement between data and prediction is observed for

all distributions, with 1.0 events (1.3 entries) expected in
the region pγ

T > 120 GeV (mll > 120 GeV). The back-
ground-only hypothesis is rejected with a significance of
4.4 standard deviations, with an expected significance of
4.0 standard deviations. The measured cross section in
the fiducial region is σZZγ ¼ μZZγσ

SM
fid ¼ 0.144þ0.065

−0.051
ðstatÞþ0.008

−0.004ðsystÞ fb. The observed signal strength is μZZγ ¼
1.11þ0.50

−0.39ðstatÞþ0.05
−0.03ðsystÞþ0.06

−0.03ðtheoryÞ and the predicted
SM fiducial cross section of pp → ZZγ → lþl−l0þl0−γ
is σSMfid ¼ 0.130� 0.001ðstatÞ � 0.002ðPDFþ αSÞ � 0.005
ðscaleÞ fb. This cross section includes all leptonic final
states in the SR.
The first evidence of ZZγ production in pp collisions is

obtained using data from the ATLAS detector at the LHC.
Eight events with four leptons, containing two opposite-
sign same-flavor pairs, and one photon are selected from a
140 fb−1 dataset collected in

ffiffiffi
s

p ¼ 13 TeV pp collisions.
The background-only hypothesis is rejected with an
observed (expected) significance of 4.4 (4.0) standard
deviations. While the event statistics in the analysis are
low, the background is well controlled, and amounts to
ð12� 3Þ% of the sample, illustrating the robustness of the
result. The pp → ZZγ → lþl−l0þl0−γ cross section in the
fiducial phase space, defined by kinematic requirements on
the four-leptons-plus-photon system and by isolation
requirements on the photon, is measured to be σZZγ ¼
0.144þ0.065

−0.051ðstatÞþ0.008
−0.004ðsystÞ fb and is in agreement with the

SM prediction.

Note added—The CMS Collaboration recently presented
a similar analysis [45].
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End Matter

An overview of the event selection in the SR is given
in Table II, summarizing the selection criteria described
earlier for the different selected particle types.
The impact of the uncertainties on the measured cross

section in the fiducial region is given in Table III. The

table lists the systematic uncertainties separated into
background uncertainties, experimental uncertainties,
and others. The total systematic uncertainty is much
smaller than the statistical uncertainty with this data
sample.

TABLE II. Overview of the event selection in the SR.

Electrons Muons Photon

Trigger Single and dilepton trigger
Multiplicity ≥ 2 OSSF pairs ≥ 1 photon

Kinematics pT > 30, 25, 10, 10 GeV pT > 20 GeV
jηj < 2.47 jηj < 2.5 jηj < 2.37

Excluded 1.37 < jηj < 1.52 Not applicable 1.37 < jηj < 1.52

Isolation Loose [31] PflowLoose [32] Loose [31]
ΔRðμ; eÞ > 0.2 ΔRðl; γÞ > 0.4

Identification Medium [31] Medium [32] Tight [31]

Invariant mass mll > 40 GeV, ðmllγ þmllÞ > 2mZ

TABLE III. The impact of uncertainties on the measured cross section in the fiducial region, σZZγ .

Source Relative uncertainty [%]

Nonprompt photon background 1.9
Nonprompt lepton background 1.2
Pileup background 0.4

Photon identification and isolation efficiency 1.6
Pileup reweighting 1.4
Muon identification, isolation, reconstruction, momentum resolution, and scale 0.9
Electron identification, isolation, reconstruction efficiency 0.6
Electron-photon resolution and energy scale 0.5

Signal PDF and αs, QCD scales 1.4
Signal MC statistics 1.4
Integrated luminosity 0.9

Total systematic uncertainty 4.0
Data statistics 40

Total uncertainty 41
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59LPSC, Université Grenoble Alpes, CNRS/IN2P3, Grenoble INP, Grenoble, France

60Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, Massachusetts, USA
61Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science and Technology

of China, Hefei, China
62aKirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

62bPhysikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
63aDepartment of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China

63bDepartment of Physics, University of Hong Kong, Hong Kong, China
63cDepartment of Physics and Institute for Advanced Study, Hong Kong University of Science and Technology, Clear Water Bay,

Kowloon, Hong Kong, China
64Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
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70aINFN Sezione di Milano, Milano, Italy

70bDipartimento di Fisica, Università di Milano, Milano, Italy
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77aINFN-TIFPA, Trento, Italy
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109Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
110Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany

111Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
112aDepartment of Physics, Nanjing University, Nanjing, China

112bSchool of Science, Shenzhen Campus of Sun Yat-sen University, China
112cUniversity of Chinese Academy of Science (UCAS), Beijing, China

113aSchool of Physics, Nankai University, Tianjin, China
113bInstitute of Frontier and Interdisciplinary Science and Key Laboratory of Particle Physics and Particle Irradiation (MOE),

Shandong University, Qingdao, China
113cSchool of Physics, Zhengzhou University, Zhengzhou, China

114Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico, USA
115Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen, Netherlands

116Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
117Department of Physics, Northern Illinois University, DeKalb, Illinois, USA
118Department of Physics, New York University, New York, New York, USA

119Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
120The Ohio State University, Columbus, Ohio, USA

121Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, Oklahoma, USA
122Department of Physics, Oklahoma State University, Stillwater, Oklahoma, USA

123Palacký University, Joint Laboratory of Optics, Olomouc, Czech Republic
124Institute for Fundamental Science, University of Oregon, Eugene, Oregon, USA

125Graduate School of Science, University of Osaka, Osaka, Japan
126Department of Physics, University of Oslo, Oslo, Norway

127Department of Physics, Oxford University, Oxford, United Kingdom
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