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Abstract

A first observation is presented for the electroweak production of a W boson, a pho-
ton, and two jets in proton-proton collisions. The W boson decays are selected by
requiring one identified electron or muon and an imbalance in transverse momen-
tum. The two jets are required to have a high dijet mass and a large separation in
pseudorapidity. The measurement is based on data collected with the CMS detec-
tor at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity
of 35.9 fb−1. The observed (expected) significance for this process is 4.9 (4.6) stan-
dard deviations. After combining with previously reported CMS results at 8 TeV, the
observed (expected) significance is 5.3 (4.8) standard deviations. The cross section
for the electroweak Wγjj production in a restricted fiducial region is measured as
20.4± 4.5 fb and the total cross section for Wγ production in association with 2 jets in
the same fiducial region is 108± 16 fb. All results are in good agreement with recent
theoretical predictions. Constraints are placed on anomalous quartic gauge couplings
in terms of dimension-8 effective field theory operators.
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1 Introduction
After the discovery of the Higgs boson at the CERN LHC [1–3], one of the primary goals of
high-energy physics is to examine the details of the mechanism of electroweak (EW) symme-
try breaking, e.g., through measurements of the properties of the Higgs boson. Vector boson
scattering (VBS) processes comprise an independent and complementary method to study EW
symmetry breaking. The nonabelian nature of gauge interactions in the standard model (SM)
leads to a rich variety of VBS processes with unique features and opportunities to probe physics
beyond the SM (BSM).

The high energy and luminosity of the LHC make it possible to study the rare VBS processes
in detail. The CMS Collaboration reported the EW production of two W bosons of same elec-
tric charge produced in association with two jets (W±W±jj), with a significance of 5.5 standard
deviations (SD) based on the initial proton-proton (pp) data collected at 13 TeV [4]. There have
been additional VBS results from both the ATLAS and CMS Collaborations. Notably, ATLAS
observed EW (W±W±jj) production with a significance of 6.5 SD [5]. CMS recently reported
an observation of WZ VBS events at a significance of 6.8 SD [6], along with further studies in
the W±W±jj channel, based on data collected at 13 TeV. Moreover, VBS processes involving
a photon in the final state, Wγ and Zγ scattering, were also reported by ATLAS and CMS,
based on data collected at

√
s = 8 TeV, corresponding to an integrated luminosity of approxi-

mately 20 fb−1 [7–9]. The observed (expected) significance for Wγ scattering from CMS was 2.7
(1.5) SD. For Zγ scattering ATLAS and CMS observed (expected) significances of 2.0 (1.8) and
3.0 (2.1) SD, respectively, based on the SM prediction. A recent update on Zγ scattering from
CMS, based on the initial data collected at 13 TeV combined with 8 TeV results [10], reported an
observed (expected) significance of 4.7 (5.5) SD.

This paper presents a measurement of VBS in the Wγ channel at
√

s = 13 TeV. As shown in
Fig. 1, the signal process includes both VBS and non-VBS EW diagrams, such as EW contribu-
tions through triple and quartic gauge couplings. QCD-induced production of Wγjj can also
take place, as shown in the diagram on the right, with both jets originating from QCD vertices.
The diagrams shown are representative of the many possibilities in the SM. The effects of BSM
physics, such as anomalous triple and quartic gauge couplings (aTGC and aQGC), are also
possible [11]. While aTGC are well constrained by other processes including Higgs boson and
diboson production, VBS studies are more sensitive to aQGC.

The data correspond to an integrated luminosity of 35.9± 0.9 fb−1 collected during 2016 using
the CMS detector [12] at the LHC. For measuring the EW Wγjj production, candidate events are
selected by requiring one identified lepton (either an electron or muon), one identified photon,
two jets with a large rapidity separation and a large dijet invariant mass (mjj), and a moderate
imbalance in transverse momentum, pmiss

T . This selection reduces the contribution from the
strong (QCD) production of jets produced together with the W boson and the photon, making
the experimental signature an ideal topology for VBS Wγ studies. The interference among the
VBS diagrams ensures the unitarity of the VBS cross section in the SM at high energy, and an
interference is also expected between QCD and EW processes [13, 14].

2 The CMS detector
The central feature of the CMS [12] 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), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections reside within the volume of the



2

d W+

u γ

u

u

W+
d

d

d

u

W+

u

d

d

W+ W+

γ

u

u

d

u

W+

γ

W+

γ

d γ

d

u

g

g g

W+

u

Figure 1: Representative diagrams for `νγjj production at the LHC for EW production (left),
EW production through triple (middle left) and quartic (middle right) gauge boson couplings,
and QCD-induced processes (right).

solenoid. Forward calorimeters extend the coverage provided by the barrel and endcap de-
tectors up to a pseudorapidity of |η| = 5. Muons are detected in gas-ionization chambers
embedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [15]. The first level (L1), com-
posed of specialized hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz with a latency of 4 µs. The second level
consists of a farm of processors running a version of the full event reconstruction software
optimized for fast processing that reduces the event rate to around 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables, can be found in Ref. [12].

3 Signal and background simulation
The signal and background processes are simulated using the Monte Carlo (MC) generator
MADGRAPH5 aMC@NLO (MG5) [16]. The EW Wγjj signal is simulated at leading order (LO)
using version 2.6.0. The main background from QCD Wγ is simulated with up to one jet in
the matrix element calculation at next-to-leading order (NLO) with version 2.4.2, using the
FxFx scheme [17] to merge jets from the matrix element calculation and parton showering. The
interference between the EW and QCD processes is predicted to 1–3% in the signal region and
is treated as a systematic uncertainty. Other background contributions include diboson VV
processes (WW, WZ, ZZ) simulated at LO with PYTHIA 8.212 [18], single top quark processes
simulated with POWHEG 2.0 [19], and ttγ production simulated at NLO with MG5 using the
FxFx jet merging scheme. Cross sections evaluated at NLO in the QCD coupling strength (αS)
are used to normalize these simulated event samples.

The PYTHIA package, with the CUETP8M1 [20, 21] tune, is used for parton showering, had-
ronization, and underlying-event simulation. The NNPDF 3.0 set [22] of parton distribution
functions (PDFs) is used as default. All simulated events are processed through a GEANT4 [23]
simulation of the CMS detector. Factors determined by a tag-and-probe technique [24] are
used to correct the differences between data and simulation in the trigger efficiency, as well as
the reconstruction and identification (ID) efficiencies. Additional overlapping pp interactions
(pileup) are superimposed over the hard scattering interaction with a distribution of primary
vertices matching that obtained from the collision data. The MC samples are analyzed using
the same procedures as the data.
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4 Event reconstruction
The particle-flow (PF) algorithm [25] reconstructs and identifies each individual particle in an
event, through an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex as determined in the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the elec-
tron track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy depositions, corrected for the response
of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energies. The PF candidates are used for
a variety of purposes in this analysis, such as evaluating electron, muon, and photon isolation
variables, reconstructing jets, and computing the pmiss

T in the event, as described below.

The reconstructed vertex with the largest value of summed jet p2
T is taken to be the primary

pp interaction vertex [26]. The jets are clustered using the anti-kT jet finding algorithm [27, 28]
using the tracks assigned to candidate vertices as inputs.

Electron candidates used in the selection of events for this analysis are reconstructed within
|η| < 2.5 for pT > 25 GeV. The electrons are also required to pass additional identification
criteria: selection on the relative amount of energy deposited in the HCAL, a match of the
trajectory in the tracker with the position of the ECAL cluster [29], the number of missing
measurements in the tracker, the compatibility of the electron to originate from the primary
vertex, and σηη , a parameter that quantifies the spread in η of the shower in the ECAL, as
discussed in Section 6. Electrons identified as arising from photon conversions are rejected [29,
30]. A high-quality ID selection is used to identify electrons in the final state, and a loose
selection is used to identify electrons for vetoing events containing additional leptons.

Muons are reconstructed from information in the muon system and the tracker within |η| < 2.4
and pT > 20 GeV [31]. Muon candidates must satisfy ID criteria based on the number of mea-
surements in the muon system and the tracker, the number of matched muon-detector planes,
the quality of the combined fit to the track, and the compatibility of the muon to originate from
the primary vertex. A high-quality ID [31] is used to identify muons in the final state, and a
loose ID [31] is used to identify muons for vetoing events with additional leptons.

Another selection on an isolation variable (Iso) is applied for both electrons and muons. Iso
is defined relative to the lepton pT by summing the pT of the charged hadrons and neutral
particles in geometrical cones of ∆R =

√
(∆η)2 + (∆φ)2 = 0.3 (0.4) around the electron (muon)

trajectory:
I` =

(
∑ pcharged

T + max
[
0, ∑ pneutral

T + ∑ pγ
T − pPU

T

])
/p`T.

where ∑ pcharged
T is the scalar sum of the transverse momenta of charged hadrons originating

from the primary vertex, and ∑ pneutral
T and ∑ pγ

T are, respectively, the scalar pT sums of neutral
hadrons and photons. To mitigate pileup (PU) effects, only charged hadrons originating at the
primary vertex are included. For the neutral-hadron and photon components, an estimate of
the expected PU contribution (pPU

T ) [32] is subtracted. For electrons, pPU
T is evaluated using the

“jet area” method described in Ref. [33], whereas for muons, pPU
T is assumed to be one half

of the scalar pT sum deposited in the isolation cone by charged particles not associated with
the primary vertex. The factor of one half corresponds to the approximate ratio of neutral to
charged hadrons produced in the hadronization of PU interactions. Electrons passing the high-
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quality (loose) ID selection are considered isolated if Iso < 0.0695 (0.175) if the pseudorapidity
(ηSC) of the ECAL cluster is |ηSC| < 1.479, or Iso < 0.0821 (0.159) if 1.479 < |ηSC| < 2.5. Muons
are considered isolated if Iso < 0.15 (0.25) for the high-quality (loose) ID selection.

Photon reconstruction [34] is similar to that of electrons, and is performed in the region of
|η| < 2.5 and for pT > 20 GeV, excluding the ECAL transition region of 1.444 < |η| < 1.566.
To minimize photon misidentification, photon candidates must: pass an electron veto; satisfy
criteria based on the distribution of energy deposited in the ECAL and HCAL; satisfy criteria
on the isolation variables constructed from the kinematic inputs of the charged and neutral
hadrons; and have no other photons near the photon of interest. A high-quality ID [34] is used
to identify prompt photons (i.e., not originating from hadron decays) in the final state, and a
loose ID [34] to identify nonprompt photons, which are mainly products of neutral pion decay.

Jets are reconstructed from PF objects using the anti-kT jet clustering algorithm [27] with a
distance parameter of 0.4. To reduce the contamination from PU, charged PF candidates in the
tracker acceptance of |η| < 2.4 are excluded from jet clustering when they are associated with
PU vertices [25]. The contribution from neutral PU particles to the jet energy is corrected based
on the projected area of the jet on the front face of the calorimeter [33]. For this analysis, jets
are required to have |η| < 4.7 and pT > 30 GeV. A jet energy correction, similar to the one
developed for 8 TeV collisions [35], is obtained from dedicated studies we performed on both
data and simulated events (typically involving dijet, γ+jet, Z+jet, and multijet production).
Other residual corrections are applied to the data as functions of pT and η to correct for the
small differences between data and simulation. Additional quality criteria are applied to jet
candidates to remove spurious jet-like features originating from isolated noise patterns [36] in
the calorimeters or the tracker.

The vector ~pmiss
T is computed as the negative of the vector sum of the pT of all the PF candidates

in an event [37], and its magnitude is denoted as pmiss
T . The jet energy corrections are propa-

gated to the ~pmiss
T . The data to simulation efficiency ratios are used as scale factors to correct

the simulated event yields.

5 Event selection
Candidate events are selected by requiring exactly one electron (muon) with pT > 30 GeV
and |η` | < 2.5 (2.4), with transverse mass of the W boson mW

T > 30 GeV. We define mW
T as√

2p`T pmiss
T [1− cos (∆φ`,pmiss

T
)], where p`T is the pT of the lepton and ∆φ`,pmiss

T
is the azimuthal an-

gle between the lepton and the ~pmiss
T directions. Events are required to contain a well-identified

and isolated photon with pγ
T > 25 GeV, pmiss

T > 30 GeV, and at least two jets with |η| < 4.7 and
pT > 40 (30)GeV for the leading (second) jet. A separation of ∆R > 0.5 is required between
any two selected objects (photon, lepton, jets), as detailed in Section 9. In the electron channel
we further require the invariant mass (m`γ ) of the selected photon and electron to be incon-
sistent with the Z boson mass peak, |m`γ − 91| > 10 GeV, which suppresses the Z → e+e−

background where one electron is misidentified as a photon. Based on the pseudorapidity
of the photon, the electron and muon channels are each subdivided into a barrel region with
|ηγ | < 1.444, and an endcap region with 1.566 < |ηγ | < 2.5.

In this analysis, both a control and a signal region are defined. The control region (CR) is con-
structed with an aim of validating the simulated samples and background estimation methods
using data. In addition to the previous selections, the control region is defined by a requirement
that 200 < mjj < 400 GeV.
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The signal region (SR) is defined by the previous selections plus the additional requirements
that mjj > 500 GeV, |∆ηjj| > 2.5, mWγ > 100 GeV, |yWγ − (yj1 + yj2)/2| < 1.2 [38], and
|φWγ − φj1,j2| > 2 radians, where mWγ and φWγ are, respectively, the invariant mass and az-
imuthal angle of the W boson and γ system, φj1,j2 is the azimuthal angle of the dijet system,
and yj1(2) is the rapidity of the leading (second) jet. The longitudinal component of the neu-
trino momentum is estimated by solving the quadratic equation that constrains the mass of the
charged lepton and neutrino system to the world-average value of the W boson mass [39]. As
described in Ref. [40], when there are multiple solutions, the one with the smallest longitudinal
momentum is chosen; if there are only complex solutions, the real part is chosen as the longitu-
dinal momentum. The requirements on |yWγ − (yj1 + yj2)/2| and on |φWγ − φj1,j2| are intended
to ensure that the momentum of the Wγ system is balanced by that of the dijet system, which
would be the case if there were no additional QCD radiation. These selection requirements
were chosen by optimizing the expected significance of the EW signal.

6 Background estimation
The backgrounds are shown in Fig. 2. The yields of these backgrounds are obtained from a
simultaneous fit to the data in both the SR and CR with the QCD Wγjj normalization from
the MC simulation. The theoretical and experimental uncertainties are assumed correlated
between the SR and CR. The signal strength for the QCD Wγjj background is 1.28+0.18

−0.16. The
details are described in Sections 7–10. Additional backgrounds are described in the following
paragraphs.”

Reconstructed photons and leptons that do not arise from outgoing particles in the hard in-
teraction in the event are denoted as misidentified (misID) photons and leptons. This category
includes physical photons and leptons, as well as those of purely instrumental origins. Because
of the variety of sources of these misID particles and the difficulty of modeling instrumental
effects, we use data-based methods to estimate their contribution.

The background from misID photons arises mainly from W+jets or top quark+jets events with
a jet misreconstructed as a photon. The method used to estimate this background involves mea-
suring in CMS data and applying a per-photon extrapolation factor in which the denominator
is chosen to be orthogonal to the full photon selection, but similar enough that the systematic
uncertainties due to the extrapolation are well understood. The photon in the denominator is
required to fail the high-quality ID and pass the loose ID [8, 41]. The extrapolation factor is de-
termined from a template fit to the photon σηη distribution, which is small for prompt photons
and large for nonprompt photons. The nonprompt template used in the fit is obtained from a
sideband of the photon isolation variable in W+jets data. More details can be found in Ref. [10].

The background from jets misidentified as leptons is estimated in a similar fashion. To extrap-
olate from the loose leptons to the high-quality ones, an extrapolation factor is defined as:

f`
1− f`

,

where f` is the lepton misidentification rate, defined as the ratio of the number of misID leptons
where the lepton passes the high-quality ID to the total number passing only the loose ID
requirements. To reduce additional contamination from genuine leptons, the W+jets and Z+jets
contributions are subtracted from both the numerator and denominator. The extrapolation
factor is measured as a function of the η and pT of the lepton in a CR dominated by dijet
events. The dijet CR is defined by selecting one lepton, one jet that is well separated from the
lepton, and low pmiss

T . This technique is also used and described in Ref. [4].
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The background category “double misID” is defined as events containing both a misID pho-
ton and a misID lepton. Its yield is estimated from a sample where both the photon and the
lepton that are required to pass the loose ID selection, and fail the high-quality ID. Such events
are assigned a weight equal to the product of the misID extrapolation factors of the photon
and lepton. Double misID events contaminate the single misID background estimate because
the second object is assumed to be genuine. Consequently, each time a weight is added to
the double misID estimate, the same weight is subtracted from both the single-photon and
single-lepton estimates. In addition, events in which genuine photons and leptons pass the
loose ID but fail the high-quality ID selection contaminate both the single and double misID
estimates. This source of contamination is estimated and removed using simulated events with
reconstructed objects matched to generator-level objects.

Other backgrounds, including top quark and diboson processes, are estimated from MC simu-
lation and are normalized to the integrated luminosity of the CMS data set using inclusive cross
sections calculated at NLO in QCD. The e → γ background includes events with an electron
misID as a photon. We apply |m`γ − 91| > 10 GeV to minimize this contribution. The remain-
ing background is estimated from simulated Drell–Yan and ttγ events that contain a photon
matched to an electron at the generator level with ∆R = 0.3.

Fig. 2 shows the photon pt distribution in the muon barrel control region for data and back-
ground estimates. The data and the estimates are in good agreement.
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Figure 2: The photon pT distribution in the muon barrel control region for data and back-
ground estimations. The misID backgrounds are derived from data, whereas the remaining
backgrounds are estimated from simulation. All events with photon pT > 195 GeV are included
in the last bin. The hatched bands represent the statistical uncertainties on the predicted yields.
The bottom graph shows the data divided by the prediction.

7 Systematic uncertainties
Systematic uncertainties that affect the measurements arise from experimental inputs, such as
detector effects and the methods used to compute higher-level quantities, e.g., efficiencies, and
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theoretical inputs such as the choice of the renormalization (µR) and factorization (µF) scales,
and the choice of PDF sets. Each source of systematic uncertainty is quantified by evaluating its
effect on the yield and distribution of relevant kinematic variables in the signal and background
categories. The uncertainties are propagated to the final distributions and calculated bin-by-bin
as described in Section 8.

Table 1 summarizes all the systematic uncertainties. The systematic uncertainties in the lepton
trigger, reconstruction, and selection efficiencies, measured using a tag-and-probe technique,
are 2–3%. The uncertainties in jet energy scale (JES) have the largest impact on the measure-
ment. The JES and jet energy resolution (JER) effects are estimated by shifting/smearing the
jets in the simulations up and down by one standard deviation, and are then propagated to
all relevant variables including VBS jet kinematic properties and pmiss

T , based on which the
impact on signal and background yields are evaluated. The uncertainties due to the JES and
JER corresponding to different processes and different mjj-m`γ bins are in the ranges 0.9–78%
and 0.7–21%, respectively. An uncertainty of 2.5% in the integrated luminosity [42] is used
for all processes estimated from simulation and for the specified fiducial cross section. The
statistical uncertainties due to the finite size of both the simulated and data samples used in
our background and signal prediction are estimated assuming Poisson statistics. The uncer-
tainties related to the finite number of simulated events or to the limited number of events in
the data control samples are 7–11% for the EW Wγjj signal, 6–36% for the QCD-induced Wγ
background, 43–72% for the nonprompt lepton contamination and 7–36% for the nonprompt
photon background. These uncertainties are uncorrelated across different processes and bins
of any single distribution, and grow with increasing mjj and m`γ .

An overall systematic uncertainty in the nonprompt photon background estimate is defined
as the quadratic sum of the systematic uncertainties from several distinct sources. An uncer-
tainty because of the choice of the isolation variable sideband is evaluated by estimating the
nonprompt photon fraction with alternative choices of the isolation sideband [8]. A nonclo-
sure uncertainty is defined by performing the nonprompt photon fraction fits using simulated
events and comparing the results with the known fractions. The nonclosure uncertainty in the
endcap region is worse than in the barrel region and worsens as the photon pT increases. The
overall systematic uncertainty in the nonprompt photon background is in the range of 12–22%,
dominated by the nonclosure. Similarly, the dominant uncertainty in the nonprompt lepton
estimate is associated with the nonclosure, which is calculated by comparing two yields, one
from the γ+jets events and the other from the γ+jets events where the misID lepton rates are
applied to events with a lepton that passes the loose, but fails the high-quality ID. The selec-
tion used is the same as in the main event selection, except that the mW

T and pmiss
T requirements

are removed to increase the statistical power. The uncertainty associated with the nonprompt
lepton background is 30%.

The effects of the choice of µR and µF in the theoretical calculation for signal and background
processes are estimated by independently changing µR and µF up and down by a factor of two
from their nominal value in each event, with the condition that 1/2 < µR/µF < 2. The uncer-
tainties are defined as the maximal differences from the nominal values. The PDF uncertainties
are evaluated according to the procedure described in Ref. [43] using the NNPDF 3.0 set. For
the signal process, the scale uncertainty varies within the range of 1.5–11% and the PDF un-
certainty varies within the range 3.2–5.6%, increasing with mjj and m`γ . The scale uncertainty
in the QCD-induced Wγ process, which has a very large impact on the measurement, varies
in the range 6.1–20%. It is constrained by the simultaneous fit to the data in the CR. The PDF
uncertainty of QCD-induced Wγ production is in the range of 1–2%.
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The interference term between the EW- and QCD-induced processes, i.e., O(α4αS) at tree level,
is estimated at particle level using MG5. The contribution of the interference is calculated as
the difference between the inclusive Wγjj production, which contains the interference term,
and the sum of the pure EW- and QCD-induced Wγjj. The interference is positive, and the
ratio of the interference to EW Wγjj is in the range 2–4%, decreasing with increasing mjj. These
values are used as systematic uncertainties in the signal process.

A correction factor is applied to the simulated events to account for the L1 trigger occasionally
firing at the wrong time because of the darkening of the ECAL crystals. This mistiming results
in a loss of trigger efficiency in the data and is not modeled by the simulation. The uncertainties
due to these correction factors vary by 1–4%, and are treated as correlated across different
processes and bins.

Table 1: Relative systematic uncertainties in the estimated signal and background yields in
units of percent. The ranges reflect the dependence of the specified uncertainty on mjj and m`γ .

Source EW Wγjj QCD Wγjj VV ttγ QCD Zγ Single t
MisID
photon

MisID
lepton

Double
misID e → γ

JES 0.9–6.9 11–28 6.4–38 3.7–16 12–78 3.3–18 — — — 11–28
JER 0.7–2.2 0.7–4.1 6.9–21 1.3–4.9 6.5–15 2.9–7.1 — — — 0.7–4.1
Integrated luminosity 2.5 2.5 2.5 2.5 2.5 2.5 — — — 2.5
MisID photon — — — — — — 12–22 — 12–22 —
MisID lepton — — — — — — — 30 30 —
µR/µF scales 1.5–11 6.1–20 — — — — — — — —
PDF 3.2–5.6 1–2 — — — — — — — —
Interference 1.8–2.8 — — — — — — — — —
Cross section for ttγ — — — 10 — — — — — —
Cross section for VV — — 10 — — — — — — —
Modeling of pileup 0–0.6 0.3–1.4 4.8–13 2.6–3.9 6.2–19 1.0–3.9 — — — 0.3–1.4
Statistical uncertainty 7–11 6–36 45–100 13–56 16–100 17–55 7–36 43–72 30–100 54–100
L1 mistiming 1.7–2.4 0.8–1.6 0.5–1.6 1.4–2.5 0.6–3.6 1.0–2.1 — — — 1.1–2.8
Muon ID/Iso 0.3 0.3 0.3 0.3 0.3 0.3 — — — 0.3
Muon trigger 0.3 0.2 0.2 0.2 0.1 0.1 — — — 0.2
Electron reconstruction 0.5 0.6 0.5 0.6 0.6 0.5 — — — 0.5
Electron ID/Iso 1.3 1.3 1.3 1.3 1.3 1.3 — — — 1.3
Electron trigger 2.5 2.5 2.5 2.5 2.5 2.5 — — — 2.5
Photon ID 1.2 1.2 1.1 1.2 1.3 1.2 — — — 1.2

All of the systematic uncertainties discussed above are applied both to the signal significance
measurement and in the search for aQGC contributions. They are also propagated to the uncer-
tainty in the measured fiducial cross section, with the exception of the theoretical uncertainties
associated with the signal cross section. All of the systematic uncertainties except those that
arise from the trigger efficiency and the lepton identification and misidentification are consid-
ered to be correlated between the electron and muon channels.

8 The EW Wγ production measurement
Table 2 shows the simulated signal and background yields prior to any fitting, as well as the
observed data yields. To quantify the significance of the observation of EW production of the
Wγ signal, we perform a statistical analysis of the event yields through a fit to the (mjj,m`γ )
two-dimensional (2D) distribution. Both mjj and m`γ are powerful variables for distinguishing
between the signal and QCD Wγ background, and the 2D analysis provides a larger expected
significance than either variable alone. For this measurement, and the measurements in Sec-
tions 9 and 10, the SR is further divided into four bins in mjj (lower boundaries of 500, 800,
1200, and 1700 GeV) and three bins in m`γ (lower boundaries of 30, 80, and 130 GeV). The data
in the CR are fit simultaneously with the data in the SR. Figure 3 shows the resultant 2D fitted
distributions.
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Figure 3: The 2D distributions used in the fit for the signal strength of EW Wγ+2 jets for events
in the electron barrel (upper left), electron endcap (upper right), muon barrel (lower left), and
muon endcap (lower right). The hatched bands represent the systematic uncertainties on the
predicted yields. The predicted yields are shown with their best-fit normalizations.
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Table 2: Signal, background, and data yields after the final selection. Statistical and systematic
uncertainties (before the fitting) are added in quadrature.

Electron barrel Electron endcap Muon barrel Muon endcap
MisID photon 81.0± 5.2 48.1± 4.9 134.8± 8.2 52.1± 4.8
MisID lepton 63.7± 12.3 27.8± 7.2 46.8± 10.6 23.1± 6.5
QCD Wγjj 154.2± 12.0 41.1± 4.4 221.2± 15.8 72.1± 6.2
ttγ 20.6± 1.6 5.1± 0.6 28.3± 1.8 6.9± 0.8
QCD Zγ 18.0± 3.1 1.9± 0.9 16.2± 3.0 4.9± 1.3
Single t 4.9± 0.8 2.5± 0.5 6.8± 0.9 2.4± 0.5
VV 4.2± 1.6 0.6± 0.6 7.5± 2.1 1.4± 0.7
e → γ 1.5± 0.6 2.1± 0.8 1.7± 0.7 1.1± 0.6

Total background 348.3± 18.4 129.1± 9.9 463.4± 21.2 163.8± 10.4

EW Wγjj 48.8± 2.2 16.1± 1.0 74.5± 2.8 24.4± 1.3

Total predicted 397.1± 18.5 145.2± 10.0 537.9± 21.4 188.2± 10.5

Data 393 159 565 201

The signal significance is quantified on the basis of a profile likelihood test statistic [44]. This
test statistic involves the ratio of two Poisson likelihood functions, one in which the signal
strength is fixed to zero and one in which the signal strength is allowed to have any positive
value. The signal strength represents the ratio of observed to expected signal yields. System-
atic uncertainties are added as parameters into the likelihood function to scale the relevant
process using log-normal functions. The distribution in the test statistic is assumed to be in the
asymptotic regime where there is a simple relationship between its value and the significance
of the result [45]. The observed (expected) signal strength parameter is µ̂ = 1.20+0.26

−0.24 (1.00+0.27
−0.25),

corresponding to an observed (expected) statistical significance of 4.9 (4.6) SD for the analyzed
13 TeV data set.

This result can be combined with the previous CMS measurement at 8 TeV described in Ref. [9]
assuming the signal strength does not change with the center of mass energy. There are two
uncertainties that are correlated between the 8 and 13 TeV analyses. The theoretical uncertain-
ties in the signal and QCD Wγ background of the 8 TeV analysis include multiple sources, but
are dominated by the renormalization and factorization scale uncertainties, and are therefore
correlated with the corresponding uncertainties in the 13 TeV analysis. All other uncertainties
are uncorrelated between the 8 and 13 TeV analyses. After combining our result with that at
8 TeV using this correlation scheme, the observed (expected) significance is 5.3 (4.8) SD.

9 Fiducial EW Wγjj cross section measurement
A fiducial cross section at 13 TeV is extracted in the same (mjj,m`γ ) binning used in the calcula-
tion of significance, and through the same simultaneous fit used in the CR. The fiducial region
is defined using the MC generator quantities: one lepton with p`T > 30 GeV and |η` | < 2.4,

pmiss
T > 30 GeV, pγ

T > 25 GeV, |ηγ | < 1.444 or 1.566 < |ηγ | < 2.5, ∆R`γ > 0.5, mW
T > 30 GeV,

two jets with pj1(2)
T > 40 (30)GeV, with |ηj| < 4.7, mjj > 500 GeV, ∆Rjj > 0.5, ∆Rj` > 0.5,

∆Rjγ > 0.5, and |∆ηjj| > 2.5. The leptons are reconstructed at the particle level with fully re-
covered final-state radiation. The acceptance is defined as the fraction of the generated signal
events passing the fiducial region selection, which is extracted using MG5. The theoretical un-
certainty because of the extrapolation between the fiducial and SR is negligible (< 1%). We
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define the cross section as
σfid(13 TeV) = σg µ̂ αgf,

where the cross section for the generated signal events is σg = 0.776 pb, the signal strength
parameter µ̂ = 1.20+0.26

−0.24, and the acceptance αgf = 0.02195. The observed fiducial cross section
is σfid

EW(13 TeV) = 20.4± 0.4 (lumi)± 2.8 (stat)± 3.5 (syst) fb = 20.4± 4.5 fb.

10 Fiducial EW+QCD Wγjj cross section measurement
In addition to the EW Wγjj process, we also determine a cross section for inclusive EW+QCD
Wγjj production. The fiducial region is the same as that for EW Wγjj and the formula for the
cross section is

σfid = µ
{

σEW
g αEW

gf + σQCD
g αQCD

gf

}
.

Since the QCD Wγ+2 jets is part of the signal, the CR is no longer included in the calculated
signal strength.

The inputs used for the fit are similar to the ones for EW Wγjj, with the difference that EW and
QCD Wγjj are combined as signal. The cross section for QCD Wγjj is 178.6 pb, and αQCD

gf is

calculated to be 0.0004068. The measured signal strength for inclusive Wγjj is 1.21+0.17
−0.16 and the

observed fiducial cross section is σfid
EW+QCD(13 TeV) = 108± 2 (lumi)± 5 (stat)± 15 (syst) fb =

108± 16 fb. Figure 4 shows the post-fit results.

11 Limits on anomalous quartic gauge couplings
The effects of BSM physics can be modeled in a generic way through a collection of linearly
independent higher-dimensional operators in effective field theory [11]. As mentioned above,
VBS is more suitable to constrain aQGC. The lowest dimension operators that modify quartic
gauge couplings but do not exhibit two or three weak gauge boson vertices are dimension-
eight. Reference [46] proposes nine independent charge-conjugate and parity-conserving
dimension-eight effective operators by assuming the SU(2)×U(1) symmetry of the EW gauge
field. The model includes a Higgs doublet to incorporate the presence of an SM Higgs boson.
A contribution from aQGCs enhances the production of events with large Wγ mass. The oper-
ators affecting the Wγjj channel can be divided into two categories. The operators LM,0–LM,7
contain an SU(2) field strength, the U(1) field strength, and the covariant derivative of the Higgs
doublet field. The operators LT,0–LT,2 and LT,5–LT,7, contain only the two field strengths. The
coefficient of the operator LX,Y is denoted by fX,Y/Λ4, where Λ is the unknown scale of BSM
physics.

A simulation is performed that includes the effects of the aQGCs in addition to the SM EW Wγjj
process, as well as any interference between the two. We use the mWγ distribution to extract
limits on the aQGC parameters. To obtain a continuous prediction for the signal as a function
of the anomalous coupling, a quadratic fit is performed to the SM+aQGC yield as a function of
the aQGC coefficient, separately in each mWγ bin in the aQGC region, which is defined based
on the common selection in Section 5, with the further requirements mjj > 800 GeV, |∆ηjj| > 2.5,
mWγ > 150 GeV, and pγ

T > 100 GeV. As the aQGC contributions arise from pure VBS diagrams
and are more enhanced in the VBS phase space region, and the anomalous operators lead to
more energetic final state particles, the additional requirements are optimized to enhance the
aQGC sensitivity based on the simulation studies. Figure 5 shows the resulting distribution in
mWγ . No statistically significant excess of events relative to the SM prediction is observed.
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Figure 4: The 2D distributions used in the fit for the signal strength of EW+QCD Wγ+2 jets
in the electron barrel (upper left), electron endcap (upper right), muon barrel (lower left) and
muon endcap (lower right). The hatched bands represent the systematic uncertainties on the
predicted yields. The predicted yields are shown with their best-fit normalizations.
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Figure 5: The mWγ distribution of events satisfying the aQGC region selection, which is used
to set constraints on the anomalous coupling parameters. The orange line represents a nonzero
fT,0/Λ4 setting. All events with mWγ > 950 GeV are included in the last bin. The hatched bands
represent the statistical uncertainties in the predicted yields.

The following profile likelihood test statistic is used in the aQGC limit setting procedure:

tαtest
= −2 log

L(αtest,
ˆ̂θ)

L(α̂, θ̂)
.

The likelihood function is the product of Poisson distributions and a normal constraining term
with nuisance parameters representing the sources of systematic uncertainties in each bin. The
final likelihood function is the product of the likelihood functions of the electron and muon
channels. The main constraint on the aQGC parameters is from the highest mWγ bin. The
parameter αtest represents the aQGC point being tested, and the symbol θ represents a vector of
nuisance parameters assumed to follow log-normal distributions. The parameter ˆ̂θ corresponds
to the maximum of the likelihood function at the point αtest. The α̂ and θ̂ parameters correspond
to the single global maximum of the likelihood function. This test statistic is assumed to follow
a noncentral χ2 distribution [44]. It is therefore possible to extract the limits immediately from
the difference in the negative log-likelihood (NLL) function ∆NLL = tαtest

/2 [47]. The 95%
confidence level (CL) limit on a one-dimensional aQGC parameter corresponds to 2∆NLL =
3.84. Figure 6 shows the likelihood scan of parameter fT,0/Λ4 in the calculation of the observed
limits.

The observed and expected 95% CL limits on the coefficients of these operators, shown in Ta-
ble 3, are obtained by varying the coefficient of one operator at a time, with all others set to 0,
the SM value. The yield of the EW signal in any bin is a quadratic function of the coefficient,
whose minimum in general does not occur at a coefficient value of 0 because of interference
with the SM operators. We therefore set upper and lower limits on the operator coefficients
through a limit-setting procedure that involves first obtaining the global maximum of the pro-
file likelihood function, and then the maximum of the profile likelihood function at fixed coef-
ficient values, which can be compared to the global maximum and converted to CLs. NLO EW
corrections to VBS Wγ can be sizeable and increase as a function of mjj, which may bias the
aQGC measurement. Although there is no NLO EW calculation available yet for VBS Wγ, we
have instead tested with the numbers from same-sign WW scattering [48, 49], and the effect on
the aQGC limit is found to be negligible. The unitarity bound (Ubound) is defined as the scatter-
ing energy at which the aQGC coupling strength, when set equal to the observed limit, would
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Figure 6: Observed 95% CL interval on the aQGC parameter fT,0/Λ4.

result in a scattering amplitude that violates unitarity. The value of Ubound is determined using
the VBFNLO 2.7.1 framework [50], taking into account the difference between VBFNLO and MG5.
These are the most stringent limits to date on the aQGC parameters fM,2–5/Λ4 and fT,6–7/Λ4.

Table 3: The exclusion limits at 95% CL on each aQGC coefficient, parameterized using the
distribution in mWγ , and listed along with the unitarity bound. All coupling parameter limits
are in TeV−4, while the Ubound values are in TeV.

Parameters Obs. limit Exp. limit Ubound
fM,0/Λ4 [−8.1, 8.0] [−7.7, 7.6] 1.0
fM,1/Λ4 [−12, 12] [−11, 11] 1.2
fM,2/Λ4 [−2.8, 2.8] [−2.7, 2.7] 1.3
fM,3/Λ4 [−4.4, 4.4] [−4.0, 4.1] 1.5
fM,4/Λ4 [−5.0, 5.0] [−4.7, 4.7] 1.5
fM,5/Λ4 [−8.3, 8.3] [−7.9, 7.7] 1.8
fM,6/Λ4 [−16, 16] [−15, 15] 1.0
fM,7/Λ4 [−21, 20] [−19, 19] 1.3
fT,0/Λ4 [−0.6, 0.6] [−0.6, 0.6] 1.4
fT,1/Λ4 [−0.4, 0.4] [−0.3, 0.4] 1.5
fT,2/Λ4 [−1.0, 1.2] [−1.0, 1.2] 1.5
fT,5/Λ4 [−0.5, 0.5] [−0.4, 0.4] 1.8
fT,6/Λ4 [−0.4, 0.4] [−0.3, 0.4] 1.7
fT,7/Λ4 [−0.9, 0.9] [−0.8, 0.9] 1.8

12 Summary
The cross section for the electroweak production of a W boson, a photon, and two jets is mea-
sured in proton-proton collisions at a center-of-mass energy of 13 TeV. The data correspond to
an integrated luminosity of 35.9 fb−1 collected with the CMS detector. Events are selected by
requiring one identified lepton (electron or muon), a moderate missing transverse momentum,
one photon, and two jets with a large rapidity separation and a large dijet mass. The observed
significance is 4.9 standard deviations, where a significance of 4.6 standard deviations is ex-
pected based on the standard model. After combination with previously reported CMS results
based on 8 TeV data, the observed (expected) signal significance is 5.3 (4.8) standard devia-
tions. This constitutes the first observation of electroweak Wγjj production in proton-proton
collisions. The cross section for the electroweak Wγjj production in a restricted fiducial region
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is measured as 20.4± 4.5 fb and the total cross section for Wγ production in association with
2 jets in the same fiducial region is 108 ± 16 fb, consistent with standard model predictions.
Constraints placed on anomalous quartic gauge couplings in terms of dimension-8 effective
field theory operators are competitive with previous results. For the parameters fM,2–5/Λ4 and
fT,6–7/Λ4, the constraints are the most stringent to date.
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M. Jeitler1, N. Krammer, L. Lechner, D. Liko, T. Madlener, I. Mikulec, F.M. Pitters, N. Rad,
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J. Rander, A. Rosowsky, M.Ö. Sahin, A. Savoy-Navarro16, M. Titov, G.B. Yu

Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique
de Paris, Palaiseau, France
S. Ahuja, F. Beaudette, M. Bonanomi, A. Buchot Perraguin, P. Busson, C. Charlot, O. Davignon,
B. Diab, G. Falmagne, R. Granier de Cassagnac, A. Hakimi, I. Kucher, A. Lobanov,
C. Martin Perez, M. Nguyen, C. Ochando, P. Paganini, J. Rembser, R. Salerno, J.B. Sauvan,
Y. Sirois, A. Zabi, A. Zghiche

Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France
J.-L. Agram17, J. Andrea, D. Bloch, G. Bourgatte, J.-M. Brom, E.C. Chabert, C. Collard, J.-
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A. Fröhlich, C. Garbers, E. Garutti, P. Gunnellini, J. Haller, A. Hinzmann, A. Karavdina,
G. Kasieczka, R. Klanner, R. Kogler, V. Kutzner, J. Lange, T. Lange, A. Malara, C.E.N. Niemeyer,
A. Nigamova, K.J. Pena Rodriguez, O. Rieger, P. Schleper, S. Schumann, J. Schwandt,
D. Schwarz, J. Sonneveld, H. Stadie, G. Steinbrück, B. Vormwald, I. Zoi

Karlsruher Institut fuer Technologie, Karlsruhe, Germany
M. Baselga, S. Baur, J. Bechtel, T. Berger, E. Butz, R. Caspart, T. Chwalek, W. De Boer,
A. Dierlamm, A. Droll, K. El Morabit, N. Faltermann, K. Flöh, M. Giffels, A. Gottmann,
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