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Evidence of the production of two Z bosons and a photon in proton-proton collisions is reported for the
first time in CMS. The analysis uses data collected by the CMS experiment between 2016 and 2018 at a
center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 138 fb−1. Evidence for the
process pp → ZZγ → 4lγ (l ¼ e, μ), with an observed (expected) significance of 3.7 (3.1) standard
deviations in a fiducial region defined by pγ

T > 20 GeV, jηγj < 2.4, ΔRðl; γÞ > 0.5, mZ between 60 and
120 GeV, and the invariant mass of either of the two Z bosons combined with the photon (mZγ

) larger than

100 GeV, is reported. The measured (predicted) fiducial cross section is 60þ27
−22 ab (47.56� 0.04 ab).

Additionally, the inclusive production of pp → 4lγ is studied by removing the mZγ
requirement to

include final state radiation where one Z boson decays to 2lγ, yielding an observed (expected)
significance of 5.0 (4.2) standard deviations and a measured (predicted) fiducial cross section of
156þ39

−35 ab (99.97� 0.09 ab).

DOI: 10.1103/gdbv-wnpp

Measurements of rare electroweak (EW) processes
provide stringent tests of the standard model (SM) and
may reveal physics beyond it. The production of three EW
bosons in a single proton-proton (pp) collision is among
the rarest processes accessible at the CERN LHC, with
cross sections of the order of tens of attobarns for the rarest
channels. Triboson processes include contributions from
triple and quartic gauge couplings at tree level, as well as
diagrams mediated by the Higgs boson.
The ATLAS [1,2] and CMS [3] collaborations have

observed the production of two photons with a massive
vector boson at 13 TeV. Both collaborations have also
reported observation of WZγ [4,5] and of WWγ [6,7].
Production of three massive EW bosons has been observed
by both ATLAS [8] and CMS [9]. ATLAS has recently
presented evidence for ZZγ [10]. Comprehensive reviews of
triboson measurements can be found in Refs. [11,12].
In the EW production of four leptons (electrons or

muons) and a photon, lþl−l0þl0−γ, at leading order
(LO), the photon, as illustrated in Fig. 1, can be emitted
from a quark line, including initial-state radiation, or
through the associated production of a Higgs boson and
a Z boson (ZH), with the Higgs boson decaying to Zγ,

which contributes about 3%–6% to the pp → 4lγ yield, or
as final-state radiation (FSR) from a charged lepton.
Genuine ZZγ intermediate states are produced from
quark-line emission and include a small ZH contribution
(first two diagrams of the same figure).
This Letter presents two measurements: a search for

triboson production pp → ZZγ, with both Z bosons
decaying leptonically, and an inclusive search for total
pp → 4lγ, including FSR contributions. The analysis uses
final states with four charged leptons (electrons or muons)
and a photon, using data recorded by the CMS detector atffiffiffi
s

p ¼ 13 TeV during 2016–2018, corresponding to
138 fb−1 of integrated luminosity. Tabulated results are
provided in the HEPData record for this analysis [13].
The CMS apparatus [14,15] is a multipurpose, nearly

hermetic detector designed to trigger on [16–18] and
identify [19–21] electrons, muons, photons, and hadrons.
A global particle-flow algorithm [22] is used to reconstruct
individual particles in an event, combining information from
the all-silicon inner tracker, the crystal electromagnetic
(ECAL) and brass and scintillator hadron calorimeters,
operating inside a 3.8 T superconducting solenoid, with
data from the gas-ionization muon detectors embedded in
the flux-return yoke outside the solenoid. The particles are
used to reconstruct τ leptons, jets, and missing transverse
momentum [23–25].
The pp → 4lγ signal sample is simulated at next-to-

leading order (NLO) in quantum chromodynamics (QCD)
and LO in EW interactions, using the MADGRAPH5_

AMC@NLO 2.6.2 [26,27] Monte Carlo generator. The sim-
ulation of the ZH signal and of the qq̄ → ZZ → 4l and tt̄
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processes is performed at NLO QCD with POWHEG v2.0
[28–32], and that of gg → ZZ → 4l at LO QCDwith MCFM

[33]. The diboson production process Zγ → 2lγ is simu-
lated at NLO with MADGRAPH5_AMC@NLO, including
off-shell effects. Up to one additional parton is included
in the matrix-element calculation. Other rare background
processes, such as VVV (V ¼ Z, W), tt̄W, tt̄Z, tt̄WW,
tt̄ZZ, tZq, and WZγ, are simulated at NLO QCD with
MADGRAPH5_AMC@NLO.
Hadronization and parton showering are simulated by

interfacing the matrix-element generators with PYTHIA8

[34], using the CP5 tune [35]. The interaction of particles
with the CMS detector is modeled with GEANT4 [36]. All
samples are generated with the NNPDF3.1 parton distribution
functions [37] at next-to-NLO in QCD. The simulations
include additional interactions in the same and neighboring
bunch crossings, referred to as pileup. The Monte Carlo
samples are reweighted so that the per-event true number of
interactions matches the average level of pileup observed in
data for each year.
The signal sample pp → 4lγ includes the triboson

process pp → Zð�ÞZð�Þγ → 4lγ, and FSR contributions.
Their relative fractions have been studied at the generator
level by comparing two samples produced at LO with
MADGRAPH: one forcing the presence of the intermediate
ZZγ state, and a second where nonresonant and FSR
diagrams are allowed. Both the main signal pp → 4lγ
and the main background qq̄ → ZZ → 4l samples include
FSR contributions. In the latter, the photon is added by the
parton shower simulation. To avoid double counting, an
event containing a prompt photon that passes the fiducial
phase space definition of the inclusive pp → 4lγ region at
the generator level is removed from the main background
sample.
The primary vertex is defined as the vertex correspond-

ing to the hardest scattering in the event, determined using
tracking information alone [38]. The kinematic variables of
photons are obtained from ECAL energy deposits. The
four-momentum of electrons is determined from a combi-
nation of the electron momentum at the primary interaction

vertex, as measured by the tracker, the energy of the
corresponding ECAL cluster, and the summed energy of
all bremsstrahlung photons spatially compatible with origi-
nating from the electron. The four-momentum of muons is
derived from the curvature of the corresponding track.
The kinematic requirements for electrons and muons

reflect the detector acceptance and consist of a threshold

for the transverse momentum, peðμÞ
T > 7ð5Þ GeV, and a

requirement on the pseudorapidity, jηeðμÞj < 2.5ð2.4Þ.
Leptons must originate from the primary vertex, with a
distance of closest approach of less than 0.5 cm in the
transverse plane and 1 cm along the beam axis. The
significance of the three-dimensional impact parameter
of the track must satisfy jIPj=σIP < 4. To ensure that
leptons are isolated, the scalar sum of the transverse
momenta of the additional particles within a cone of radius
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
¼ 0.3 around the lepton momen-

tum direction is required to be less than 35% of pl
T.

Electrons are identified using a multivariate discriminant
that exploits characteristics of the electron’s electromag-
netic shower in the ECAL, its matching to the associated
track, the presence of bremsstrahlung radiation, observ-
ables that help discriminate against electrons from photon
conversions, and the isolation of the electron candidate
[39]. Muons are selected by applying loose requirements on
the track quality in the inner tracker and the muon system,
and on the compatibility of the associated calorimeter
energy deposits with the muon hypothesis. The efficiency
for low-pT muons is improved by including candidates
whose inner track is matched to segments in only one or
two layers of the muon system.
For a better measurement of the Z boson mass, photons

emitted at small angles from leptons, ΔRðγ;lÞ < 0.5,
are recovered as follows. Photons with jηγj < 2.4,
pγ
T > 2 GeV, and a relative isolation Iγ < 1.8, computed

as described in Ref. [39], are considered. Each photon is
associated with the closest lepton in the event if
ΔRðγ;lÞ=ðpγ

TÞ2 < 0.012 GeV−2. For each lepton, the
photon with the lowest value of ΔRðγ;lÞ=ðpγ

TÞ2, if any,
is selected. The momentum of the photons identified by

FIG. 1. Representative tree-level standard model Feynman diagrams with four isolated leptons and a photon in the final state. From left
to right, photon emitted from a quark line, associated ZH production, and final-state radiation.
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this algorithm is added to that of the corresponding lepton.
These photons are excluded from the computation of the
lepton isolation.
Signal photon candidates must be separated from any

signal lepton byΔRðγ;lÞ > 0.5; this requirement increases
the relative contribution of the triboson component in the
signal sample. In addition, signal photons are required to
have pγ

T > 20 GeV, jηγj < 2.4, and jηγj ∉ ð1.444; 1.566Þ,
corresponding to the ECAL barrel–end-cap transition.
Electrons mimicking photons are rejected by requiring
the absence of tracks with a hit in the innermost layer of the
pixel detector that point to the photon cluster in the ECAL
and are matched to a reconstructed conversion vertex [19].
A cutoff-based identifier and a multivariate discriminant

[19] are employed for the selection of signal photons. The
former uses the shape of the electromagnetic shower in the
ECAL, the energy deposited in the hadron calorimeter, and
three observables related to the photon candidate isolation.
Aworking point with an average efficiency of about 90% is
used to identify “tight” photons. “Loose” photons have the
same requirements, except the shower shape and isolation
from charged hadrons criteria are removed. The multivari-
ate discriminant employs 14 input variables, including
those used in the cutoff-based selection. For this discrimi-
nant, only tight photons are defined, using a working point
with an average efficiency of about 80%.
Corrections for the differences in reconstruction and

selection efficiencies between data and simulation are
applied for muons [20,40], electrons, and photons [19].
Events are selected online using a combination of

triggers [17]. The most important ones require the presence
of two loosely isolated leptons. Additional triggers requir-
ing three low-pT leptons or a single electron or muon are
used to further increase the efficiency. The overall trigger
efficiency exceeds 98%.
The event selection criteria are similar to those used in

recent Higgs boson measurements [39]. Each event must
contain two Z boson candidates, each consisting of an
oppositely charged, same-flavor pair of isolated leptons,
and a signal photon. Both Z boson candidates are required
to have a mass between 60 and 120 GeV. The Z candidate
with a mass closest to 91.2 GeV is labeled Z1, and the other
Z2. The leading (subleading) lepton must satisfy
pT > 20ð10Þ GeV.
Each lepton must be separated from all others by

ΔRðli;ljÞ > 0.02, and electrons must be separated from
muons by ΔRðe; μÞ > 0.05. Events containing pairs of
oppositely charged leptons with an invariant mass
mlþl0− < 4 GeV, computed without FSR photons, are
rejected, irrespective of lepton flavor. Events containing
four electrons or four muons are rejected if the same four
leptons can be used to form an alternative pair of Z bosons,
Za and Zb, such that mZb

< 12 GeV and mZa
is closer to

91.2 GeV than the originally selected Z1. This requirement
suppresses events with an on-shell Z boson and a low-mass

resonance. In the triboson signal region, an additional
requirement to suppress FSR events is applied: the mini-
mum of the invariant masses of the two lepton pairs
combined with the photon, minðmllγ; ml0l0γ Þ, must exceed
100 GeV. This threshold was optimized through a dedicated
generator-level study.
Decays of Z bosons to τ leptons, followed by subsequent

decays to electrons or muons, are strongly suppressed by
the lepton pT thresholds, and their contribution amounts to
less than 0.5% of the total 4lγ yield. If such events satisfy
the selection criteria, they are treated as signal, although
they are not included at the generator level for the cross
section determination. Consequently, the correction for
possible τ lepton decays is effectively accounted for in
the efficiency calculation.
For the inclusive pp → 4lγ measurement, we present

the results using the cutoff-based photon selection. This
approach allows the definition of a control region (CR) with
a sufficient number of events for a background estimate, by
requiring photons to pass a loose selection, while failing the
tight criterion. In contrast, the limited number of events in
the ZZγ → 4lγ enriched region precludes the use of CRs.
For this measurement, we present results obtained using the
multivariate selection, which provides stronger background
rejection than the cutoff-based approach and is better suited
for the measurement of the very rare ZZγ → 4lγ process.
In the rare case that multiple photons pass the selection, the
one with the highest transverse energy is retained.
The signal region (SR) is affected by backgrounds arising

from the production of nonprompt leptons and photons. The
CRs are defined to estimate these backgrounds and to check
the agreement between data and simulation. Rare back-
grounds are estimated from simulation.
Nonprompt leptons originate from processes in which at

least one lepton in the final state does not directly arise from
the decay of a W or Z boson. The main sources include
decays of heavy-flavor mesons, which typically produce
nonisolated leptons, as well as light-flavor quark and gluon
jets and electrons from photon conversions. This back-
ground is estimated using the method employed in several
previous analyses of four-lepton final states from ZZ
decays (e.g., Refs. [41–44]), and described in detail in
Ref. [45]. The nonprompt-lepton background yield in the
SR is extrapolated using data from two CRs defined with
criteria similar to those of the SR, except that one or both
leptons of the Z2 candidate fail the tight isolation and
identification requirements while passing looser criteria.
Events in these CRs are reweighted according to the lepton
misidentification rate measured in a dedicated CR contain-
ing exactly one Z boson and one additional loose lepton
(Z þ l) [39].
Nonprompt photons ðγNPÞ arise mainly from jets—

often containing genuine photons from π0 → γγ decays—
depositing a large fraction of their energy in the ECAL or
from electrons lacking an associated silicon tracker track
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and thus not rejected by the electron veto. A data-driven
tight-to-loose method is used to estimate this background.
The photon misidentification rate, measured in bins of
photon momentum and pseudorapidity, in the Z þ l CR
after subtracting the Zγ contributions from simulation, is
defined as the probability for a loose photon to satisfy the
tight selection. The application region is identical to the SR
except that the photon fails the tight selection. Figure 2
presents the pγ

T and jηγj distributions for data and simu-
lation, showing agreement within uncertainties. The pseu-
dorapidity gap reflects the excluded barrel–end-cap
transition. The nonprompt-photon yield is obtained by
reweighting application region events with the misidentifi-
cation rate. This approach, independent of the modeling of
nonprompt-photon production, provides the nonprompt-
photon yields in the inclusive pp → 4lγ SR. In the triboson
ZZγ region this background is estimated from simulation.
The effects of experimental and theoretical systematic

uncertainties for both signal and background processes are
quantified by evaluating the impact of each source on the
normalization and shape of the relevant distributions of
kinematic observables.
Theoretical uncertainties arising from the choice of the

parton distribution function set and the value of the strong
coupling constant, αS, are evaluated according to the
PDF4LHC prescription [46]. Their impacts are 0.9%
(1.4%) and 0.3% (1.3%) for the triboson (inclusive)
measurement, respectively. The impact of the QCD renorm-
alization (μR) and factorization (μF) scales, which account
for missing higher-order contributions in perturbative cal-
culations, is evaluated from the envelope of the independent
variations of μR and μF by a factor of 2 around their
central values, while keeping 1=2 ≤ μR=μF ≤ 2. The result-
ing uncertainty is 1% (5%) for the triboson (inclusive)
measurement.
The uncertainty in the integrated luminosity varies from

1.2% to 2.5% across data-taking periods, with a total Run 2
uncertainty of 1.6% [47–49]. Its impact on the measured
triboson (inclusive) cross section is 2.1% (1.6%).
The estimates of the nonprompt-lepton and nonprompt-

photon yields are affected by uncertainties due to
differences in background composition between the meas-
urement and application regions. In the inclusive region the
nonprompt background normalization uncertainties are
treated as a single uncertainty on the data-driven estimate
of 50%, corresponding to a 3.9% impact on the measure-
ment. In the triboson region, where simulation is used to
estimate the nonprompt-photon background and a data-
driven method for the leptons, the uncertainty is 40% for
leptons [43,44], corresponding to a 1.7% impact, and 30%
for photons, resulting in impacts of 4.5% and 3.5% from the
qq̄ → ZZγNP and gg → ZZγNP yields respectively.
The ratio of simulated to observed nonprompt-photon

yields from qq̄=gg → ZZγNP processes is used to construct
an alternative template for the background prediction in the

inclusive SR. This shape uncertainty is treated as correlated
across data-taking periods and results in a 3.4% uncertainty
in the measurement. Theoretical and experimental uncer-
tainties affecting the prompt Zγ component, which is
subtracted in the measurement region, are propagated
through themisidentification rate into the nonprompt-photon
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FIG. 2. Transverse momentum (upper) and pseudorapidity
(lower) of the leading photon passing the loose selection and
failing the tight cutoff-based identification in the nonprompt
photon application region with four tight leptons. The vertical
bars represent the statistical uncertainties in the data. The hatched
area represents the statistical uncertainties in the simulation.
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background estimate. The combined impact on the signal
strength uncertainty is approximately 4%.
Efficiency scale factor uncertainties for electrons,

muons, and photons affect both the triboson and inclusive
measurements by about 4%–5%, 1%, and 2%, respectively;
photon energy scale and resolution effects are negligible.
The offline pT requirements for electrons and muons are
more stringent than the corresponding trigger thresholds
[39,44]. No trigger scale factor is applied, and a flat 2%
uncertainty is included.
Pileup modeling depends on the total inelastic pp cross

section [50], and its uncertainty is evaluated by varying this
cross section by 5%.
The signal definition for the inclusive process pp → 4lγ

at the generator-level mirrors the selection applied to
reconstructed events, except for the requirements for both
electrons and muons to have pγ

T > 5 GeV and jηlj < 2.5,
and for the photon to be prompt and have jηγj < 2.4. At
NLO, the predicted cross section in the fiducial region
σfidðpp → 4lγÞ, with l ¼ e, μ, is 99.96� 0.09 ab. The
fraction of triboson ZZγ events in this region, estimated
using the two LO samples for the generator-level study, is
approximately 38%. For the triboson signal definition, an
additional requirement is imposed: the presence of a
prompt generator-level photon with mllγ > 100 GeV for
either of the two lepton pairs forming a Z candidate. This
condition reflects the selection applied at the reconstruction
level. The resulting fraction of triboson events in the signal
sample pp → 4lγ is 85% and the predicted cross section,
including the ZH contribution, is 47.56� 0.04 ab.
The cross-section measurements are extracted using two

independent maximum likelihood template fits, in the
triboson and inclusive signal regions, of the expected signal
and background distributions of the invariant mass of the
four-lepton and photon system, m4lγ , to the data for each
data-taking period. Each fit includes a single parameter of
interest: the signal strength, defined as the ratio of the
measured fiducial cross section to the expected SM
prediction. This parameter quantifies the overall normali-
zation of the signal relative to the SM expectation; nuisance
parameters associated with systematic uncertainties are also
included in the fit. These results have been obtained using
the CMS statistical analysis tool COMBINE [51].
The data yields and fitted numbers of signal and back-

ground events in the two SRs are given in Table I. The
nonprompt-photon background, which constitutes more
than 75% of the total background, represents 8.3% of
the postfit yield in the inclusive pp → 4lγ SR. Events in
the signal sample that pass the selection but fail the signal
definition (out-of-acceptance, OOA) are treated as an
additional background contribution. Figure 3 shows the
postfit distributions of m4lγ in the triboson and inclu-
sive SRs.
In the triboson SR, the statistical uncertainty

dominates, accounting for over 98% of the total

uncertainty. The systematic uncertainties with the
largest impact arise from the normalization of the
qq̄ → ZZγNP background and the electron efficiency.
The fit yields a signal strength of μ ¼ 1.25þ0.56

−0.45
ðstatÞþ0.01

−0.01ðtheoÞþ0.03
−0.02ðlumiÞþ0.10

−0.08ðsystÞ ¼ 1.25þ0.57
−0.46 , cor-

responding to a fiducial cross section of
σfidðpp → ZZγ → 4lγÞ ¼ 60þ26

−22ðstatÞþ1
−1ðtheoÞþ2

−1
ðlumiÞþ5

−4ðsystÞ ab ¼ 60þ27
−22 ab. The observed

(expected) significance of ZZγ triboson production with
respect to the background-only hypothesis is 3.7 (3.1)
standard deviations. In the inclusive pp → 4lγ region, the
statistical uncertainty also dominates, accounting for over
90% of the total. The leading systematic uncertainties
arise from the renormalization and factorization scales,
the electron efficiency, and the shape and normalization
of the nonprompt-photon background. The fit yields
a signal strength of μ ¼ 1.56þ0.38

−0.33ðstatÞþ0.04
−0.06ðtheoÞþ0.03

−0.02
ðlumiÞþ0.09

−0.08ðsystÞ ¼ 1.56þ0.40
−0.35 , corresponding to a fiducial

cross section of σfidðpp→ 4lγÞ ¼ 156þ38
−33ðstatÞþ4

−5
ðtheoÞþ3

−2ðlumiÞþ9
−8ðsystÞ ab ¼ 156þ39

−35 ab. The observed
(expected) significance of the signal relative to the back-
ground-only hypothesis is 5.0 (4.2) standard deviations.
In summary, this Letter presents the first evidence in

CMS for triboson production, pp → ZZγ, where both Z
bosons decay leptonically to electrons or muons, in proton-
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, collected in 2016–2018
and corresponding to an integrated luminosity of 138 fb−1.
The fiducial cross section, σfid ¼ 60þ27

−22 ab, is the smallest
ever measured at the LHC. In a more inclusive signal region
with FSR contributions, pp → 4lγ production is observed
for the first time, with a fiducial cross section of 156þ39

−35 ab.
The results are in good agreement with standard model
predictions.
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90dUniversità di Siena, Siena, Italy

91aINFN Sezione di Roma, Roma, Italy
91bSapienza Università di Roma, Roma, Italy
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