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1 Introduction

Measurements of the production cross sections of electroweak (EW) dibosons at collider
experiments provide important tests of the electroweak sector of the standard model (SM).
In the SM, vertices with three neutral electroweak bosons (ZZZ, Zγγ , and ZZγ ) are not
allowed at the tree level, as they violate the SU(2)L × U(1)Y symmetry. However, in the
presence of new physics, anomalous neutral triple gauge couplings (aNTGCs) could arise
that can be introduced as extension to the SM using the Lagrangian terms of all possible
Lorentz structures, or in an effective field theory, where the operators have dimensions higher
than those of the SM electroweak Lagrangian [1].

To estimate these effects, vertex functions have been calculated in refs. [1–3] to describe
the most general Lorentz- and UY(1)-invariant interactions of an incoming off-shell Z boson or
photon, and an outgoing on-shell Z with a photon (figure 1). The strength of this interaction
is determined by four parameters: h

V
1 and h

V
2 , which are CP violating, and h

V
3 and h

V
4 ,

which are CP conserving. As an example, the ZZγ vertex function (in the case of outgoing
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Figure 1. The Feynman diagram for the ZVγ vertex, where V = γ
∗/Z∗, in the presence of

an aNTGC.

on-shell Z/γ) is defined as:

Γαβµ
ZZγ

= p2 − q2
1

m2
Z

[
h

Z
1 (q

µ
2 gαβ − qα

2 gµβ) + h
Z
2

m2
Z

pα
[
(p · q2)g

µβ − qµ
2 pβ

]

+ h
Z
3 ϵµαβρq2ρ +

h
Z
4

m2
Z

pαϵµβρσpρq2σ

]
, (1.1)

where Γαβµ
Zγ γ

can be obtained with the replacements:

p2 − q2
1

m2
Z

→ p2

m2
Z

and h
Z
i → h

γ

i .

Here, gαβ denotes the Minkowski metric tensor with signature (+,−,−,−), and ϵµαβρ is the
totally antisymmetric Levi-Civita tensor, defined such that ϵ0123 = +1, and repeated indices
are summed over the four space-time coordinates (0, 1, 2, 3).

The existence of such an effective vertex can be detected as either an excess, or as a
deficit relative to the SM prediction in the kinematic distributions of the Zγ production,
since the aNTGC introduces an additional channel for this process (figure 2), changing the
cross section to σtotal = σSM + σinterference + σaNTGC [3]. In the presence of aNTGCs, the
total production cross section of the Zγ process depends on the strength of the couplings.
The leading-order corrections to the SM cross-section scale linearly with the CP -conserving
couplings due to the interference between the SM and aNTGC amplitudes, while second-order
corrections arise from terms quadratic in these strengths. In contrast, the CP -violating
couplings do not interfere with either the SM amplitude or an anomalous CP -conserving
amplitude, and their impact on the Lagrangian is manifested only at the quadratic level [4].
However, when the outgoing photon has a high transverse momentum, the interference
term becomes negligible and the Lagrangian associated with the CP -conserving couplings
becomes, as it is for the CP -violating couplings, quadratically sensitive [5]. At energies
exceeding a few hundred GeV, the limits on h

V
1 and h

V
2 become comparable to those on h

V
3

and h
V
4 , respectively, and consequently in this paper only a search of the CP -conserving

couplings h
V
3 and h

V
4 is reported.

In the analysis presented here, we have used the vertex function approach, to enable
comparison with previous results. While not considered in this paper, a new formalism that
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Figure 2. The leading-order Feynman diagram for SM Zγ production in the t-channel (left), and
(right) the additional diagram for the beyond SM s-channel Zγ production due to the presence
of aNTGCs.

includes contributions from off-shell decays Z∗ → νν has been presented in [6], and a method
to compare the two frameworks can be found in [7].

The neutral decay of the Z boson (Z → νν) is the most suitable channel to detect
aNTGCs, as it provides a clean final state signature with a 20% branching fraction, compared
to the charged lepton decay channel where it is 10%. The hadronic decay channel of the Z
boson has the highest branching fraction of 70%, but also has a much larger background
from γ+jets events.

Measurements of the production cross section of Z(νν)γ in hadron collisions and studies
of the triple ZZγ and Zγγ vertices were first performed by the D0 Collaboration [8], and
subsequently by the CDF [9, 10], CMS [11, 12], and ATLAS [13, 14] Collaborations. In
addition, limits on the anomalous couplings have been set in the charged-lepton final state
Z(ℓ+ℓ−)γ , where ℓ = e, µ, by the D0, CDF, ATLAS, and CMS Collaborations [8–10,
12, 15, 16].

We report here a search for aNTGCs (ZZγ and Zγγ ) with a high-pT photon and a large
missing momentum. and a measurement of the production cross section of the Zγ process
in data collected by the CMS experiment in proton-proton (pp) collisions at

√
s = 13TeV

during 2016–2018, corresponding to an integrated luminosity of 138 fb−1.

In this paper the CMS detector is described in section 2 and the analysis strategy in
section 3. The data sets and the simulated samples used to model the signal and the
backgrounds are described in section 4. The criteria used to select physics objects and to
define the signal and control regions are described in sections 5 and 6, and in section 7
the methods used to estimate the backgrounds are discussed. The procedures used to
estimate the systematic uncertainties that affect the modeling are described in section 8.
The methods used to estimate the overall uncertainty of the obtained results are described
in sections 9 and 10. Tabulated results are provided in the HEPData record for this
analysis [17].
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2 The CMS detector and object reconstruction

The CMS apparatus [18, 19] is a multipurpose, nearly hermetic detector, designed to trigger
on [20–22] and identify electrons, muons, photons, and (charged and neutral) hadrons [23–25].
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL) with a silicon strip preshower detector
(ES) placed at the front faces of the two endcap calorimeters, and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections, are installed
inside the solenoid. Avalanche photodiodes (APDs) are used to readout the barrel section of
the ECAL (EB), while vacuum photo-triodes are used to readout the ECAL endcaps (EE).
Forward calorimeters extend the η coverage provided by the barrel and endcap detectors,
where η is the pseudorapidity and is defined using the polar angle θ as η = − ln[tan(θ/2)].
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid. A more detailed description of the CMS detector, together with a definition of
the coordinate system and the relevant kinematic variables, can be found in ref. [18].

Events of interest are selected using a two-tier trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [20]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing and reduces the event
rate to around 1 kHz before data storage [21, 22].

The global event reconstruction (also called particle-flow event reconstruction [26]) aims to
reconstruct and identify each individual particle in an event, with an optimized combination
of all subdetector information. In this process, the identification of the particle type (photon,
electron, muon, charged hadron, neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons (e.g. coming from π

0 decays or from electron
bremsstrahlung) are identified as ECAL energy clusters not linked to the extrapolation of any
charged particle trajectory to the ECAL. Electrons (e.g. coming from photon conversions
in the tracker material or from B hadron semileptonic decays) are identified as a primary
charged particle track and potentially many ECAL energy clusters corresponding to this
track extrapolation to the ECAL and to possible bremsstrahlung photons emitted along
the way through the tracker material. Muons (e.g. from B hadron semileptonic decays) are
identified as tracks in the central tracker consistent with either a track or several hits in the
muon system, and associated with calorimeter deposits compatible with the muon hypothesis.
Charged hadrons are identified as charged particle tracks neither identified as electrons, nor
as muons. Finally, neutral hadrons are identified as HCAL energy clusters not linked to any
charged hadron trajectory, or as a combined ECAL and HCAL energy excess with respect
to the expected charged hadron energy deposit. The primary vertex (PV) is taken to be
the vertex corresponding to the hardest scattering in the event, evaluated using tracking
information alone, as described in section 9.4.1 of ref. [27].

Hadronic jets are clustered from all the PF candidates in an event using the infrared and
collinear-safe anti-kT algorithms [28, 29] with a distance parameter of 0.4. Jet momentum is
determined as the vector sum of all particle momenta in the jet. From simulation, this is
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found to be on average within 5 to 10% of the true momentum over the whole pT spectrum
and detector acceptance. Additional pp interactions within the same, or nearby bunch
crossings (pileup) can contribute energy depositions in the calorimeter and additional tracks,
increasing the apparent jet momentum. To mitigate this effect, tracks identified as originating
from pileup vertices are discarded and a correction is applied to account for any residual
contributions [30].

Corrections to the jet energy are derived from simulation studies and applied so that the
average measured jet energy is identical to particle level jets. In situ measurements of the
momentum balance in dijet, γ+jet, Z+jet, and multijet events are used to determine any
residual differences between the jet energy scale in the observed events and in simulation,
and corrections factors are applied [31].

The missing transverse momentum vector p⃗ miss
T is defined as the projection onto the plane

perpendicular to the beam axis of the negative vector sum of the momenta of all reconstructed
particle-flow objects in an event. Its magnitude is referred to as pmiss

T [32]. The p⃗ miss
T vector

is modified to account for corrections to the energy scale of the reconstructed jets.
For leptons, corrections are applied as weights to the simulated events to account for differ-

ences between data and simulation in the muon and electron reconstruction efficiencies. These
corrections are determined using the “tag-and-probe” technique [33] with Z → e+e− events.
Differences between the muon momentum scale in data and simulation are corrected for using
a calibration derived in Z → µ

+
µ

− events [24, 34]. An additional resolution smearing is
included in the simulation to match the resolution in data. Similarly, scale and resolution
corrections are applied to simulated electrons and photons to better match the energy scale
and resolution measured in the data.

Spurious high-pmiss
T events can be due to a variety of reconstruction failures, detector

malfunctions, or non-collision backgrounds. Such events are rejected by event filters designed
to identify more than 85% of the spurious high-pmiss

T events, with a mistagging rate of less
than 0.1% [32].

3 Analysis strategy

The signature of Z(νν)γ events is a high-pT photon associated with large pmiss
T . Figure 3

shows the generator-level photon pT spectrum for different values of the anomalous coupling
parameters. The sensitivity to aNTGCs increases with the photon pT, with the greatest
sensitivity above pT ≈ 500GeV. To better constrain all the SM background contributions to
this process, we require events to have a photon with a pT greater than 200 GeV. To select
these high-pT photons and to distinguish them from jets a dedicated identification algorithm,
described in section 5, has been specifically developed for this analysis.

Backgrounds to the Z(νν)γ process come from two main sources: one is the process
W → eνe , where the electron is reconstructed as a photon due to an inefficiency of the
pixel tracker that contributes approximately 43% to the total background, and the W(ℓνℓ)γ
process, where the lepton is not identified, contributes around 33% of the total background.
Both these background sources are estimated from data using control samples. Other smaller
backgrounds are events with a photon coming from the processes Z/γ

∗(ℓ+ℓ−)γ , ttγ , WVγ ,
and t+γ , or with a final-state radiation photon in diboson or W production. The contributions
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Figure 3. The generator-level photon pT spectrum for various values of aNTGC couplings and the
SM predictions.

from these processes are estimated using simulation to be 16% to the total background. An
additional background contribution, where a jet is misidentified as a photon in association
with large pmiss

T , is estimated from data to be 4% of the total background.
Direct ionization of the APDs [35] in EB, spikes, and bremsstrahlung radiation from beam-

halo muons [36] in both EB and EE can mimic high-pT photons and contribute approximately
4% to the total background.

4 Dataset and simulation

Samples of simulated data are used to model the background processes and to estimate the SM
and aNTGC signals. These samples are produced using MadGraph5_amc@nlo [37] v2.6.5
at QCD and EW leading order (LO), with up to 2 additional jets using the CP5 [38] underlying
event pythia v8.240 [39] tune. pythia is used for fragmentation and hadronization and the
detector response is simulated with the Geant4 package [40].

Correction factors (K-factors) that depend on the pT of the photon are applied to account
for next-to-next-to-leading order (NNLO) in QCD [41] and at next-to-leading order (NLO)
in EW theory [42, 43]. In these references, the NLO EW K-factors for Z(νν)γ and W(ℓνℓ)γ
were calculated for

√
s = 14TeV, and have been recalculated for

√
s = 13TeV using the

NNPDF31luxQED [44] PDF set. For the SM Z(νν)γ sample events where the photon pT
exceeds 200 GeV, at

√
s = 13TeV, the QCD K-factors decrease from 1.55 to 1.2, while the

EW K-factors decrease from 0.95 to 0.3 for the pT range of 200–2000 GeV. For the W(ℓνℓ)γ
samples the QCD K-factors decrease from 1.5 to 1.2, while the EW K-factors decrease from
0.95 to 0.4 for the pT range of 200–2000 GeV. Pileup events are simulated and added to the
hard scattering event. For each data-taking year the simulated events are weighted so that
the number of pileup events matches the rate observed in the data.
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Events from the standard model processes Z(ℓ+ℓ−)γ , γ+jets, γγ , ttγ , and tγ are produced
at NLO in QCD using MadGraph5_amc@nlo. Other background processes: WW, WZ,
ZZ, W(µνµ), and W(τντ) that have a very small contribution in the analysis were generated
at LO with pythia 8.

5 Photon identification

A dedicated high-pT photon identifier (ID) [45] is used to distinguish high-pT photons from
jets. It uses a combination of the output of a boosted decision tree (BDT) and selections
on the shower shape variables and the pT and |η| of the photon. The ID was trained using
simulated events with high-pT photons and with a simulated QCD sample to model the
background that was generated with MadGraph5_amc@nlo. Photons are identified by
their BDT score and selections on three additional variables, which are the ratio of energies in
the HCAL to the ECAL, the degree of isolation in the ECAL, and the degree of isolation in the
tracker, determined after corrections for pileup and clustering inefficiencies have been applied.
The efficiency of the ID for photons between 200 and 2000 GeV is estimated to be (92± 1)%,
where the uncertainty is estimated from the variation of efficiency with pT. This photon ID
has a higher efficiency for photons with pT greater than 200 GeV and a lower fake rate than the
standard photon ID used in CMS, which is optimized for lower values of pT [23]. Corrections
applied as scale factors to account for the mismodeling of the identification efficiency are
derived as functions of η and pT using the tag-and-probe technique with Z → e+e− events,
where the electrons are reconstructed as photons. The differences between the efficiencies
found in data and simulation are typically less than 4%, with none greater than 10%.

6 Event selection

The trigger system selected candidate events where the pT of the photon (pγ

T) was above a
threshold of 175 GeV in 2016, and 200 GeV in 2017 and 2018. This change was due to an
increase in the instantaneous luminosity after 2016 requiring the trigger threshold to be raised
to maintain the trigger rate within the bandwidth limits. In addition to the requirement
on p

γ

T, the ratio between the energy deposited in the HCAL and in the ECAL associated
with the photon candidate was required to be less than 0.15 for photons in the EB and
less than 0.1 for photons in the EE.

During the 2016 and 2017 data-taking there was a gradual shift in the timing of the inputs
of the ECAL L1 trigger in the region 2.5 < |η| < 3.0 causing the trigger to be inefficient. For
events containing a photon or an electron with pT > 50GeV, or a jet with pT > 100GeV in
this region, there was an efficiency loss of ≈10–20%, depending on pT, η, and when the data
were taken. This resulted in a reduction of ≈2% in the number of events used in the analysis,
correction factors for this effect were computed from data and applied to the event acceptance.

Signal events are required to have pmiss
T > 200GeV and one photon with p

γ

T > 225GeV,
to be well above the trigger pT threshold. The |ηγ | of the photon candidate is required not
to be between 1.44 and 1.57 [23] to avoid the region between the EB and the EE, and to
have no more than one associated hit in the pixel detector [23].

– 7 –
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To suppress beam-halo muons that can mimic high-pT photons when they traverse the
EB, the requirement MIPtot < 4.9GeV is applied to photons detected in the EB, where
MIPtot is the maximum of the total calorimeter energy summed along all possible paths
of beam-halo that pass through the cluster.

Signals from spikes are suppressed using the method described in ref. [35]. To further
suppress this background additional requirements are applied to the events. These are
that the signal in the ECAL is within 3 ns of the bunch crossing time, and that the ratio
of energy of the seed crystal to the higher of two neighboring crystals in the η direction
is > 0.01.

To remove events with a misreconstructed pmiss
T due to the jet energy resolution, events

are discarded where at least one jet has a transverse momentum greater than 30 GeV and
the angle ∆ϕ between the jet and p⃗ miss

T is less than 0.5. Events are also required to have
p

γ

T/pmiss
T less than 1.4 to reject γ+jet background events. The value of 1.4 was selected

to optimize the suppression of background events, in particular those from γ + jet events.
These two criteria remove more than 99% of the γ+jet background events. The selected
photon and the missing transverse momentum are also required to be separated in azimuthal
angle ∆ϕ(pγ

T, pmiss
T ) > 2.0 to suppress W(eνe) events where the electron has one, or no hits

in the pixel detector.

During the 2018 data taking, two modules of the HCAL were inoperable, affecting
the jet identification and jet energy measurement in the region −1.57 < ϕ < −0.87 and
−3.0 < η < −1.3. Events with a jet with pjet

T > 15GeV in this region are excluded. The
selected photon candidate is also required to be outside of this region to suppress backgrounds
from jets misidentified as photons. To suppress background events from W (ℓνℓ)γ processes,
events with an electron or a muon with pT > 10GeV and passing loose identification
criteria [23, 46] are also discarded. Table 1 summarizes the principal selections used in
the signal region (SR).

Two control regions, CRe and CRµ, are used to estimate the W (ℓνℓ)γ background. Events
in these CRs are required to have an electron or a muon candidate, identified with tight
criteria, with pT > 30GeV, a photon satisfying the same signal requirements as in the SR,
and the transverse mass of the pmiss

T + ℓ system less than 160 GeV. For these events the
vector sum R⃗T = p⃗ miss

T + p⃗T
ℓ is a proxy for the p⃗ miss

T in the SR, and the same requirements
applied on p⃗ miss

T in the SR are applied on RT. The selections applied in the SR to account
for the inoperable HCAL modules in 2018 are applied with the additional requirement
that the lepton is not in this region. Events are not included in the CRs if they contain
a jet that has a pjet

T > 30GeV and an angular separation from p⃗ miss
T , ∆ϕ(jet, p⃗ miss

T ) < 0.5.
We also only include leptons that have ∆R =

√
(∆η)2 + (∆ϕ)2 between the lepton and

the jet greater than 0.5. Additionally, the lepton and the photon must be separated by
∆R(e, γ ) > 0.5.

– 8 –
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Events are selected if the event contains:

Exactly one photon with p
γ

T > 225GeV, with

H/E < 0.15(0.1) EB, (EE); (|ηγ | < 1.44) ∪ (1.57 < |ηγ | < 2.5);

pmiss
T > 200GeV; p

γ

T /pmiss
T < 1.4, and ∆ϕ(p⃗ miss

T , γ ) > 2.

Events are not selected if the event contains:

a jet with pjet
T > 30GeV and ∆ϕ(jet, p⃗ miss

T ) < 0.5,

or a muon with p
µ

T > 10GeV,

or an electron with p
e
T > 10GeV and ∆R(e, γ) > 0.1.

Table 1. Principal signal event selection criteria. Further details of the event selection, including
fiducial criteria, are provided in the text.

7 Background estimation

7.1 Jets misidentified as photons

Electromagnetic deposits in the ECAL produced by jets with few tracks and a small signal
in the HCAL can be misidentified as photons, and, when associated with a high pmiss

T are a
background to the Z(νν)γ signal. This background, which comes mainly from the Z(νν)+ jets
process and from events with multiple jets, is estimated by first computing the probability
of misidentifying a jet in events with pmiss

T < 40GeV. For this, photon-like objects from the
electromagnetic deposits of a jet were selected by inverting the isolation selection criteria.
The misidentification ratio is then defined as the ratio of the observed number of photons
that pass the photon ID to the number that pass less stringent photon ID requirements.

Since the numerator can still be contaminated with genuine photons, we estimate this
contamination by fitting the BDT score distribution in data to a combination of two templates,
one for genuine photons and another for misidentified photons. The template for genuine
photons is obtained from simulated pp → γ+jets events and the one for misidentified photons
is obtained directly from a data sideband, chosen by requiring the photon to have a large
number of tracks within the photon’s isolation cone.

The misidentification ratio is then estimated in bins of p
γ

T for the EB and EE separately.
It is then applied to a sample of events in data with photon candidates that have passed
the same less stringent criteria used for the denominator of the misidentification ratio to
estimate the contribution of jets misidentified as photons in the SR.

The sources of uncertainty in the estimate of this background are the definition of the
background templates, the criteria on the pmiss

T for the ratio estimation, the modeling of the
BDT variable for genuine photons in simulation, and the binning and statistical uncertainties
of the simulated signal photons in the template fitting. How these are taken into account
is discussed in section 9.
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7.2 Electrons misidentified as photons

Standard model processes, such as W(eνe) and W(eνe)Z(νν) production, can mimic the
Z(νν)γ signature when the electron is reconstructed as a photon, which occurs when one or
more layer of the pixel detector does not detect the electron. The estimate of the electron-
to-photon misidentification ratio is made with Z → e+e− events using the tag-and-probe
method [23], with the electron tag required to have pT > 20GeV and the probe to have
pT > 200GeV. The invariant mass of the tag-probe pair is required to be between 60 and
120 GeV and a passing (failing) probe is then defined if the electron is (is not) reconstructed
as an electron candidate [23]. The passing and failing probes are fit simultaneously with
a signal plus background model. The invariant mass shape of the signal is obtained from
simulation and the background shape is parameterized using an exponential function.

Since the pixel detector efficiency is |η|-dependent, the misidentification ratio is evaluated
in bins of |η|. For electrons detected in the EB, three bins are used: 0.0–0.6, 0.6–1.1, 1.1–1.44,
with the estimated ratio across the three years ranging from 0.01 in the highest |η| region
to 0.045 in the lowest |η| region. In the EE only a single |η| range covering 1.57 to 2.5 is
used due to the low number of high-pT electrons detected, and the ratio is estimated to be
between 0.0058–0.0165 for the three years. Additionally, the efficiencies of certain parts of
the pixel detector changed during the three years of data taking; for these regions separate
misidentification ratios determined for each year are used.

The sources of uncertainty for the treatment of this background mainly arise from the
limited number of events that fail the probe criteria, which varies across the different η

regions, and the choice of the signal and background models.

7.3 Background due to W(ℓνℓ)γ

The W(ℓνℓ)γ process contributes to the background when the W boson decays leptonically
and the charged lepton ℓ is undetected due to acceptance limitations or reconstruction
failure. This background is estimated via a simultaneous likelihood fit to data from the SR
and to the two control regions, CRe and CRµ , which are kinematically similar to the SR
but enriched in W(ℓνℓ)γ events by requiring an electron or a muon. These control regions
provide a direct constraint on the W(ℓνℓ)γ background normalization, reducing reliance on
theoretical cross-section predictions. All pmiss

T -related criteria from the SR are transferred to
the transverse recoil momentum, R⃗T , ensuring phase space consistency.

Events are not added to the CRs if the lepton is collinear with an energetic jet, so as
to exclude events with final-state radiation. Events from 2018 where the lepton is in one
of the inoperable HCAL regions are also not included.

The expected W (ℓνℓ)γ contribution is initially modeled using simulation, with the pT
distribution corrected for next-to-next-to-leading order (NNLO) QCD [41] and next-to-leading
order (NLO) electroweak [43] effects. Free parameters for each pT bin are used to scale the
process yield uniformly across all three regions. In the simultaneous fit, the SR-to-CR yield
ratios are fixed for each bin, while the overall normalization is set with the data.
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7.4 Other backgrounds

Other background sources include the spike signals in the APDs, which can be misidentified
as high-pT photons with a large pmiss

T , and bremsstrahlung radiation from beam-halo muons
in the ECAL detector that can produce a photon-like signature in both EB and EE.

To estimate the number of spike signals within the 3 ns event window, the distribution of
the arrival time of the photon events is fit with signal and background timing distribution
templates. The background template is derived from spikes and beam-halo events. The
timing distribution of spikes is derived from a dedicated control region in data, selecting
photons with large signals in the central crystals and small signals in the adjacent crystals.
The beam-halo template is derived by selecting photons with large MIPtot values, and the
signal template is obtained from Z → e+e− events in data.

The estimated number of spikes obtained from this fit ranges from 9.4 to 20.8 across the
three years of data-taking, with an uncertainty no more than 17%, while the contribution
from beam-halo to the total estimated background is negligible. A more detailed description
of the spike background estimation procedure can be found in ref. [47].

In the EE, the background due to bremsstrahlung radiation by beam-halo muons is the
predominant source of background and the strategy used in the EB to remove this background
is ineffective in the EE due to its geometry. In this region, beam-halo muons cross the EE
nearly parallel to the beamline and the bremsstrahlung photons that they produce deposit
energy in a small number of adjacent crystals making them difficult to distinguish from
photons produced at the interaction point. To suppress this background the score of a
dedicated BDT using the angle between a line joining the hits in the EE, and either the
HCAL endcap or the ES, and the beam line, and the energy deposited in both the HE and
ES, as well as the ECAL shower shape variables are used to separate signal from beam-halo
events. The application of this BDT reduces the beam-halo background to <0.2% of its
initial contribution in all the 3 years.

The remaining contribution of the beam halo to the total background is evaluated by
fitting the ϕ distribution with the signal template, obtained from simulation, and a background
template, extracted from data by inverting the BDT tagger requirement.

8 Systematic uncertainties

For simulated signal and background sources, uncertainties are assigned to the estimated
luminosity of the dataset, the efficiencies of the trigger and photon identification, the
calibration of the jet energy scale and resolution, the calibration of the photon energy scale
and resolution, and the modeling of the pileup interactions. In addition, uncertainties are
assigned for the choice of PDF set and for the missing higher orders in QCD calculations
by varying of the renormalization and factorization scales, µR and µF. These uncertainties
can affect the shape of the p

γ

T spectrum and the event yield. The large uncertainties in
the background due to electrons misidentified as photons, and jets misidentified as photons
are due to the limited number of events in the control regions where the misidentification
ratio is measured.
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The uncertainties in the integrated luminosity are estimated to be 1.3% (2016), 2.2%
(2017), and 2.5% (2018) [48–50]. In addition, the total integrated luminosity has an uncertainty
of 1.6% reflecting the uncorrelated time evolution of some systematic effects. Simulated
background events are weighted in order to match the expected pileup distribution obtained
using the inelastic pp interaction cross section, 69.2 ± 4.6mb [51].

The uncertainties in the correction factors that account for the difference in the lepton
ID efficiencies between data and simulated data are below 0.01%. An uncertainty of between
3.5% and 4.7% is assigned to the correction factors, to account for the difference between
the photon ID efficiencies in data and simulated data.

To assess the impact of the uncertainties in the photon energy scale and resolution the
electron and photon energies are varied by around 0.1 (0.3)% in the EB (EE) [23]. As the
signal photon is required to not have a pixel detector seed in the tracker, the uncertainty due
to mismodeling of the efficiency of this requirement is obtained in the data and is under 0.9%.

Jet pT measurement uncertainties are propagated by varying the energy corrections
within their estimated uncertainties. This affects the yields due to the phase space selection
on ∆ϕmin(p⃗

jet
T , p⃗ miss

T ) in the SR and ∆ϕmin(p⃗
jet
T , R⃗T) in the CRs, where only jets with pT

larger than 30 GeV are considered. The jet energy variations and the corresponding p⃗ miss
T

variations are correlated and are thus found simultaneously in the calculations of the yields.
The L1 ECAL trigger inefficiency due to timing misalignment [20] is not included in the
simulation; weights to correct for this are extracted from data. The uncertainty associated
with these weights is about 1.3% for 2016 and 1.9% for 2017 and 2018. The uncertainty in
the e → γ misidentification ratio and the jet → γ misidentification, described in sections 7.2
and 7.1, ranges from 4% to 20%.

Uncertainties in the NNLO QCD corrections for Z(νν)γ production are assigned for the
µF and µR scales calculated with MATRIX [52], and for shape variations following the pre-
scription in ref. [53]. Uncertainties in NLO electroweak corrections are assigned as prescribed
in refs. [42, 43]. The simulated background estimates use the NNPDF 3.1 Hessian PDF set.
The uncertainties due to PDF and αS are estimated following the PDF4LHC recipe [54].
The uncertainties due to missing higher QCD orders, which includes the renormalization
and factorization scale choice, and QCD NNLO corrections, are estimated by independently
varying the two scales by factors of 0.5 and 2 with the constraint 0.5 ≤ µR/µF ≤ 2, and
taking the envelope (max and min) of the 7-point variations. The values of these systematic
uncertainties are given in table 2. The uncertainties of the photon ID corrections and the jet
energy scale are the two leading sources of systematic uncertainty in this analysis.

9 Statistical analysis

Cross section measurements and the constraints on the anomalous coupling parameters
are evaluated by constructing a binned profile likelihood function to determine the best
fit parameters to the data using the COMBINE tool of CMS [55]. The binned likelihood
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Source Correlated between years
Experimental

Integrated luminosity 1.3–2.5% Partially
Pileup 0.4–2.2% ✓
Lepton ID corrections < 0.01% ✓
Photon ID corrections 3.5–4.7% ✓
Photon energy scale and resolution 0.2–1.1 % ✓
Photon pixel veto corrections 0.1–0.9% ✓
Jet energy scale and resolution 0.2–2.8% Partially
L1 ECAL inefficiency 0.1–1.9% ✓
Jet→ γ misid. ratio 2–20% ✓
e → γ misid. ratio 13–45% ✓

Theoretical

NLO EW corrections 2.7% ✓
PDF and αS 1.5-1.7% ✓
Renormalization and factorization scale 6–7.2% ✓

Table 2. Sources of systematic uncertainties and their estimated contributions. The ✓ symbol
indicates full correlation between the data-taking years.

function is defined as:

L(d⃗ | µ⃗, r⃗Wγ , θ⃗) =
∏

i

[
P
(
di|si(µ⃗, θ⃗) + r

Wγ

i N
SR, Wγ

i (θ⃗) + bi(θ⃗)
)

×
∏

K=e,µ

P
(
dK

i |rWγ

i N
K, Wγ

i (θ⃗) + bK
i (θ⃗)

)]
×

∏
j

N (θj),

(9.1)

where i denotes the index for the p
γ

T-bins, µ⃗ represents the parameters of interest, which are
either the aNTGC coupling parameters (h3 and h4) or the cross sections, while θ⃗ denotes
the nuisance parameters associated with systematic uncertainties. The uncertainties due
to limited statistics of the simulated samples are incorporated using Barlow-Beeston Lite
method [56]. The symbol P indicates the Poisson distribution and N the normal distribution.
Within bin i, the observed event counts in the SR and CRK (indexed by K = e, µ) are
denoted by di and dK

i , respectively. The contributions from the W(ℓνℓ)γ process, estimated
by simulation, are N

SR,Wγ

i and N
K,Wγ

i , while the contributions from all other background
processes are bi and bK

i in the SR and CRK , respectively. A free parameter, r
W γ

i , scales the
simulated estimates of the W(ℓνℓ)γ process within each bin i in all three regions, thereby
constraining the rate of this background. The signal terms si are defined in terms of the
parameters of interest, which are extracted by a simultaneous maximum likelihood fit to the
data. Table 3 shows the post-fit event yields in the photon-pT spectrum for the combined
phase space extracted after a simultaneous fit to the data in the signal and control regions.
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Predicted Barrel Endcaps
Fiducial Zγ 1456± 73 305± 17
Non-fiducial Zγ 72.2± 9.8 21.8± 2.9
e → γ 404± 53 37.4± 11.1
W(ℓνℓ)γ 319± 29 69.8± 8.1
jet → γ 34.5± 0.8 12.2± 0.6
Minor backgrounds 153± 28 81± 89
Spikes 40.3± 3.7 —
Beam halo — 9.5± 0.5
Total Predicted 2480± 51 539± 184
Observed 2453 568

Table 3. Post-fit event yields in the photon-pT spectrum for the combined phase space. These
numbers are extracted after a simultaneous fit to the data in the signal and control regions. The “others”
background include contributions from nonfiducial Z(νν)γ , Z/γ

∗(ℓ+ℓ−)γ , ttγ , WVγ , single-t+γ , VV,
single-W, and jet misidentified as a photon.

As expected, due to the high-pT of the photon, the EB has significantly more events than the
EE. Separately, as a confirmation, in a fit to only the control regions the estimated number
of W(ℓνℓ)γ events in the signal region is 321± 19 in the barrel region and 69.8± 6.3 in the
endcap region, which is consistent with the yields obtained in the simultaneous fit.

10 Results

10.1 Fiducial cross section and differential cross section

The inclusive differential cross section for the Z(νν)γ process is measured with a likelihood-
based unfolding technique [57] that accounts for the impact of the detector acceptance,
efficiency, and resolution. The measurements correspond to a fiducial region at the generator
level of the particles before any interaction with the detector. This region is defined by
criteria that closely match the detector level phase space of the SR. The selections applied
on the generator level variables of the simulated signal are:

• (|ηγ | < 1.44) ∪ (1.57 < |ηγ | < 2.5),

• p
γ

T > 225GeV,

• pmiss
T > 200GeV,

• p
γ

T

p
miss
T

< 1.4,

• ∆ϕ(p⃗ miss
T , γ ) > 2,

where p⃗ miss
T is the magnitude of the vector sum p⃗T of the two neutrinos coming from the

Z boson at the generator level, and ∆ϕ(p⃗ miss
T , γ ) refers to the azimuthal angle between the

transverse momentum vector of the generator-level photon and p⃗ miss
T .
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We construct the response matrix, Rij , which models the detector response to the events
produced in the fiducial region to quantify the probability with which an event produced with
a generator level photon pT in bin j will be observed with detector-level photon pT in bin i.
This is used to account for bin migration due to the detector energy resolution, efficiency
and acceptance. We calculate the number of events from the signal simulation, Ndetector

ij , in
the detector-level bin i that are actually produced in the generator level bin j. The sample
also provides the total number of generator level fiducial events, Ngenerator

j , produced in the
generator level bin j. The response matrix is then defined as:

Rij =
Ndetector

ij

Ngenerator
j

. (10.1)

This response is used to model the signal, si, within the likelihood function as given in
section 9. The number of expected signal events in detector bin i is expressed as a sum of
contributions from the generator level bins j, each associated with unknown cross sections σj.
Additionally, there is a minor contribution, snonfiducial

i , originating from signal process events
occurring outside of the fiducial region. These nonfiducial events are treated as background
in this measurement. The full signal model is:

si = snonfiducial
i +

∑
j

Lσj Rij , (10.2)

where L is the integrated luminosity. The value of Lσj is the true number of events produced
at the generator level in bin j, which is reduced by the detector response Rij in the sum. The
terms {σj} are treated as free parameters and obtained from a maximum likelihood fit to
derive the differential cross sections. The chosen bin boundaries for the photon’s generator
level pT are: 225, 275, 350, 450, 600, 800, and 1500 GeV.

The measured cross-sections and the predictions at NLO and NNLO in QCD using
MadGraph5_amc@nlo [37] and MATRIX [52] are shown in table 4. Due to nuisance
parameters being pulled to different values in different fit configurations, the sum of the
cross section in the EB and EE is not exactly equal to the combined cross section. Figure 4
shows the observed and fitted distributions of photon pT in the barrel and endcap regions
of the phase space obtained separately after performing the fit for the measurement of the
differential cross sections for the combined phase space. For these distributions, the W(ℓνℓ)γ
background is estimated only from the control region fit.

The measured differential cross sections and the theoretical predictions of Mad-
Graph5_amc@nlo and MATRIX as a function of p

γ

T are shown in figure 5 and are listed
in table 5. The theoretical predictions have uncertainties from renormalization and factoriza-
tion scale variation, as well as numerical precision. Additionally, MadGraph5_amc@nlo
includes the uncertainties of parton density functions. While the theoretical predictions are
all higher than the measured cross-sections, the differences are all within the uncertainties,
except for the pT bins 275–350 GeV and 350–450 GeV, where the differences are ≈2σ, with the
NNLO(MATRIX) predictions in better agreement than those from MadGraph5_amc@nlo.
The low pT bins have the highest correlation where it ranges between 0.20 and 0.27. The
binning in detector-level photon pT is optimized using the Bayesian Block algorithm [58].
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Region Measured NLO (MadGraph5_amc@nlo) NNLO (MATRIX)
Barrel

|η| < 1.4442
16.7+1.0

−1.0 19.6+0.7
−0.7 19.3+0.3

−0.3

Endcaps
1.566 < |η| < 2.5

7.8+0.8
−0.7 6.4+0.3

−0.3 6.21+0.07
−0.09

Total 23.3+1.4
−1.3 26.1+1.0

−1.0 25.4+0.4
−0.3

Table 4. Measured and predicted cross sections in femtobarns evaluated in the barrel, the endcaps,
and the combined fiducial phase space. The predicted cross sections are calculated at NLO and NNLO
in QCD. Due to nuisance parameters being pulled to different values in different fit configurations,
the sum of the cross section in the EB and EE is not exactly equal to the combined cross section.

pT-range (GeV) Measured NLO (MadGraph5_amc@nlo) NNLO (MATRIX)

225–275 12.45+0.91
−0.87 12.88+0.42

−0.49 12.83+0.17
−0.15

275–350 6.95+0.60
−0.57 8.14+0.31

−0.30 7.89+0.16
−0.15

350–450 2.61+0.35
−0.33 3.34+0.17

−0.11 3.22+0.07
−0.06

450–600 1.08+0.21
−0.20 1.26+0.08

−0.05 1.22+0.02
−0.02

600–800 0.282+0.010
−0.009 0.345+0.026

−0.019 0.331+0.007
−0.005

800–1500 0.092+0.005
−0.005 0.107+0.011

−0.012 0.091+0.020
−0.014

Table 5. Measured and predicted cross sections in femtobarns in bins of p
γ

T.

4−10

3−10

2−10

1−10

1

10

210

E
v
e

n
ts

/G
e

V

 CMS  (13 TeV)-1138 fb

Observed Predicted

γFiducial Z γ→e

γW+ Other

Spikes

Observed Predicted

γFiducial Z γ→e

γW+ Other

Spikes

400 600 800 1000 1200 1400
 (GeV)γ

T
p

0

0.5

1

1.5

2

P
re

d
/O

b
s

5−10

4−10

3−10

2−10

1−10

1

10

E
v
e

n
ts

/G
e

V

 CMS  (13 TeV)-1138 fb

Observed Predicted

γFiducial Z Other

γW+ γ→e

Beam halo

Observed Predicted

γFiducial Z Other

γW+ γ→e

Beam halo

400 600 800 1000 1200 1400
 (GeV)γ

T
p

0
0.5

1
1.5

2

P
re

d
/O

b
s

Figure 4. The post-fit reconstruction-level distributions in the signal region after the combined
(barrel+endcap) differential cross section fit (left: barrel region, right: endcap region). The Predicted
distribution is the full model with all parameters fixed to their post-fit values. Note in particular
that the free cross section parameters for the signal are also fixed to their post-fit values and then
propagated through the response matrix. The bars on the black data points indicate the statistical
uncertainty in the data, while the red band shows the total post-fit model uncertainty.
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Figure 5. Measured and predicted differential cross sections as function of p
γ

T for the combined
fiducial phase space. The colored bands associated with the predictions indicate the theoretical
uncertainties associated with the MadGraph5_amc@nlo and MATRIX generators. For the
measured cross sections, the grey band indicates the statistical uncertainty of the fit, while the error
bars on the black data points indicate the total uncertainty of the fit, including both statistical and
systematic components.

10.2 Limits on anomalous couplings

We parameterize the aNTGC prediction for the SR by fitting the simulated yields to different
pairs of coupling values with a two-dimensional quadratic function of h

Z
3 and h

Z
4 as a function

of p
γ

T. This parameterization is then used to fit the likelihood simultaneously in the EB and
the EE. To calculate the likelihoods, the binning chosen is the same as that used for the
histograms in figure 4. The coefficients of the parameterization are varied to determine the
systematic uncertainties. The confidence contours obtained are shown in figure 6. As the
interference term in the Lagrangian becomes negligible at high transverse momentum, the
measurement is insensitive to the sign of the couplings, we therefore quote the best fit points
in the data at the local minima. In addition, one-dimensional confidence intervals for each
parameter, with the other parameters fixed at zero, are shown in table 6. In figure 7, the
predicted p

γ

T distribution after performing the fit under the SM-only hypothesis is compared
with the predictions at the upper boundaries of the observed 1D confidence intervals of
the coupling parameters.

11 Summary

We have measured the inclusive and differential cross sections of Z(νν)γ in proton-proton
collisions at

√
s = 13TeV using data collected with the CMS detector between 2016 and 2018,

corresponding to an integrated luminosity of 138 fb−1. The fiducial Zγ cross section, where a
photon with a pT greater than 225 GeV is produced in association with a Z, and the Z decays
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Figure 6. Confidence contours of the aNTGC parameters h
γ

3, h
γ

4 (left) and h
Z
3 , h

Z
4 (right) with the

best fit points, which are the local minima of the negative log likelihood.

Parameter Expected Observed
h

γ

3 × 104 (−2.8, 2.9) (−3.4, 3.5)

h
γ

4 × 107 (−5.9, 6.0) (−6.8, 6.8)

hZ
3 × 104 (−1.8,1.9) (−2.2, 2.2)

h
Z
4 × 107 (−3.7, 3.7) (−4.1, 4.2)

Table 6. Expected and observed 95% confidence level intervals of the parameters of anomalous
couplings (with the other parameters fixed at zero).
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Figure 7. Comparison of the predicted distribution of p
γ

T under the SM-only hypothesis in the
barrel (left), and in the endcaps (right) phase space with the predictions at the upper boundaries
of the observed 1D confidence intervals of the coupling parameters. The lower panels compare
the SM (shown in red) and the aNTGC predictions, with the observed p

γ

T distribution (shown in
black). The uncertainties on the data are statistical only; the uncertainties on SM predictions include
renormalization and factorization scale variations.
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to a νν pair (Z(νν)γ ), is measured to be 23.3+1.4
−1.3 fb, in agreement, within uncertainties, with

the standard model prediction, which are 26.07+0.96
−0.97 fb from MadGraph5_amc@nlo and

25.45+0.41
−0.33 fb from MATRIX (NNLO). The differential Z(νν)γ cross section as function of

photon transverse momentum has been measured and compared with the standard model
predictions computed at next-to-leading and next-to-next-to-leading orders in perturbative
quantum chromodynamics. With these data we have probed the presence of anomalous
couplings that affect the ZZγ vertex by using the pT spectrum of the photons as the
sensitive variable. No evidence is found for anomalous neutral trilinear gauge couplings in
Zγ production. The observed 95% confidence level intervals for h

γ

3 and h
γ

4 are determined to
be (−3.4, 3.5)×10−4 and (−6.8, 6.8)×10−7; and for h

Z
3 and h

Z
4 (−2.2, 2.2)×10−4 and (−4.1,

4.2)×10−7, respectively. These are stricter than the earlier limits on h
γ

3, h
Z
3 , and h

Z
4 .
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