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Abstract

Differential cross section measurements of W�g production in proton-proton colli-
sions at

p
s = 13 TeV are presented. The data set used in this study was collected

with the CMS detector at the CERN LHC in 2016–2018 with an integrated luminosity
of 138 fb�1. Candidate events containing an electron or muon, a photon, and missing
transverse momentum are selected. The measurements are compared with standard
model predictions computed at next-to-leading and next-to-next-to-leading orders in
perturbative quantum chromodynamics. Constraints on the presence of TeV-scale
new physics affecting the WWg vertex are determined within an effective field the-
ory framework, focusing on the O3W operator. A simultaneous measurement of the
photon transverse momentum and the azimuthal angle of the charged lepton in a
special reference frame is performed. This two-dimensional approach provides up to
a factor of ten more sensitivity to the interference between the standard model and
the O3W contribution than using the transverse momentum alone.
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1 Introduction
The measurement of the properties of vector boson pair production is an important test of the
electroweak sector of the standard model (SM). The production cross sections of these processes
are sensitive to the WWV triple gauge couplings (TGCs), where V = g or Z. Because the
strengths of these TGCs are predicted precisely in the SM, the measurement of an anomalous
value would indicate the presence of physics beyond the SM (BSM).

This paper reports an analysis of W�g production in proton-proton (pp) collisions at
p

s =
13 TeV using data recorded with the CMS detector at the CERN LHC in 2016–2018 with an
integrated luminosity of 138 fb�1. This process has previously been studied by the CDF and
D0 Collaborations [1–3] at the Fermilab Tevatron in pp collisions at

p
s = 1.96 TeV, and by

the CMS [4] and ATLAS [5] Collaborations using pp collision data collected at
p

s = 7 TeV.
The CMS Collaboration has also performed the first W�g measurement at

p
s = 13 TeV [6].

All of these studies found the measured inclusive cross sections to be compatible with the SM
predictions and set limits on the presence of anomalous TGCs.

In the present analysis, W�g events are selected with one charged lepton (`), which is either an
electron or muon, one neutrino (n), and one photon (g) in the final state. A few leading order
(LO) Feynman diagrams are shown in Fig. 1. The photon can be produced as a result of either
initial- or final-state radiation, in addition to the contribution involving a TGC vertex.
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Figure 1: LO Feynman diagrams for W+g production showing initial-state (left) and final-state
(center) radiation of the photon, and the WWg TGC process (right).

Differential cross sections are measured for several observables, including the transverse mo-
mentum pg

T and pseudorapidity hg of the photon, and the transverse mass of the `ng sys-
tem, denoted mcluster

T . The cross section is also measured as a function of the number of addi-
tional jets. The measured values are compared with the SM predictions at next-to-leading order
(NLO) and next-to-next-to-leading order (NNLO) in perturbative quantum chromodynamics
(QCD). Interference between the LO W�g production diagrams results in a cross section that
vanishes in specific phase space regions. This effect is known as a radiation amplitude zero
(RAZ) [7–11]. A differential cross section measurement of the pseudorapidity difference be-
tween the lepton and the photon, Dh(`, g), is used to explore this effect.

Constraints on BSM contributions to the WWg vertex are determined in an effective field the-
ory (EFT) framework. For the first time in the study of this process, both pg

T and the angular
properties of the final-state particles are exploited to increase the sensitivity to the interference
between the SM and BSM amplitudes. This novel approach is referred to as “interference res-
urrection” [12, 13].

The paper is organized as follows. The interference resurrection technique is described in Sec-
tion 2. The CMS detector, data samples, and event simulation are summarized in Sections 3
and 4. The object reconstruction and event selection are described in Sections 5 and 6. The
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estimation of the main backgrounds is given in Section 7. The systematic uncertainties are dis-
cussed in Section 8, the results presented in Section 9, and the paper summarized in Section 10.

2 Interference resurrection
An EFT approach can be used to study how new physics entering at an energy scale L, assumed
to be much larger than the electroweak scale, leads to deviations from the SM at an energy
regime accessible at the LHC. The SM EFT is constructed by the addition of higher-dimensional
operators, Oi, to the SM Lagrangian,

LEFT = LSM + å
i

C(6)
i O

(6)
i + å

i
C(8)

i O
(8)
i + � � � , (1)

where i enumerates the set of operators under consideration, C(D)
i are Wilson coefficients that

scale as L4�D and D denotes the operator dimension. The leading deviations from the SM are
generally expected to occur at D = 6, since D = 5 operators violate lepton number conserva-
tion [14]. Examples of the relationship between the operators affecting diboson production and
specific BSM scenarios are described in Refs. [15, 16].

The dimension-six operator of interest in this analysis, O3W , is a CP-even modification of the
WWV TGC defined in the EFT basis of Ref. [17] as

O3W = eijkW in
m W jr

n Wkm
r , (2)

where W in
m is the weak isospin field strength tensor and eijk is the totally antisymmetric tensor

with e123 = 1. The cross section in the presence of this operator can be expressed as

s(C3W) = sSM + C3Wsint + C2
3WsBSM, (3)

where C3W is the Wilson coefficient, sint is the contribution from the interference between the
SM and O3W , and sBSM is the pure BSM component.

However, it has been demonstrated [12, 13] that in the high-energy limit, E > mW , the 2 ! 2
amplitudes for transverse vector boson production, f f ! WTVT, have different final-state
helicity configurations for the SM (��) and BSM (��) components. This means the effect
of the interference is typically not detectable when considering observables inclusive over the
decay angles, for example, the pT of the photon or W� boson. This narrows our sensitivity in
such observables to just the pure BSM contribution at order C2

3W , which scales as L�4. In this
scenario, the validity of any derived constraints can be limited by the unknown effect of the
leading dimension-eight contributions, which also enter at order L�4. Therefore, increasing
the sensitivity to the interference, which scales as L�2, is important for improving the validity
of the constraints in any global EFT interpretation [18].

A method has been proposed [12, 19] that gives sensitivity to the SM-BSM interference by
measuring the decay angles of the final-state fermions. A special coordinate system, illustrated
in Fig. 2, is defined event-by-event by a Lorentz boost to the center-of-mass frame of the W�g
system, where the boost direction is denoted r̂. In the boosted frame the boson momenta are
back-to-back, and the z axis is taken as the direction of the W� boson, the y axis direction is
given by ẑ � r̂, and the x axis given by ŷ � ẑ. The final-state fermions from the W� boson
decay are labeled as f+ and f�, referring to the positive and negative fermion helicity states,
respectively.
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Figure 2: Scheme of the special coordinate system for W�g production, defined by a Lorentz
boost to the center-of-mass frame along the direction r̂. The z axis is chosen as the W� boson
direction in this frame, and y is given by ẑ � r̂. The W� boson decay plane is indicated in
blue, where the labels f+ and f� refer to positive and negative helicity final-state fermions. The
angles f and q are the azimuthal and polar angles of f+.

In this frame the angle q is the polar angle of the W� boson decay in its rest frame, taken as the
angle between the three-momenta of the W� boson and fermion f+. The angle f 2 [�p, p] is
the azimuthal angle of f+: f = f( f+) = f( f�) + p, modulo 2p.

A measurement of f is sensitive to the interference of the O3W term with the SM contribution.
Figure 3 (left) shows the particle-level distribution in f in the LO 2 ! 2 scattering process for
varying values of C3W , with only the inclusion of the interference term. A clear modulation is
present, which grows with increasing C3W . Figure 3 (right) shows that the magnitude of this
modulation is reduced with the inclusion of additional jets in the matrix element calculations,
with MLM merging [20] used in the matching to the parton shower. However, a veto on the
presence of additional jets in the event with pT > 30 GeV and jhj < 2.5 is shown to substantially
restore the effect.

3 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

In the barrel section of the ECAL, an energy resolution of about 1% is achieved for unconverted
or late-converting photons in the tens of GeV energy range. The remaining barrel photons have
a resolution of about 1.3% up to jhj = 1, rising to about 2.5% at jhj = 1.4. In the endcaps,
the resolution of unconverted or late-converting photons is about 2.5%, while the remaining
endcap photons have a resolution of 3–4% [21].

The electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the tracker. The momentum resolution for electrons with pT �
45 GeV from Z ! ee decays ranges from 1.7 to 4.5%. It is generally better in the barrel region
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Fi g u r e 3: P a rti cl e-l e v el di st ri b uti o n s (i n a r bit r a r y u nit s) of t h e d e c a y a n gl e φ , c o m p a ri n g t h e
L O 2 → 2 p r o c e s s (l eft) t o t h e L O M L M- m e r g e d p r e di cti o n wit h u p t o t w o a d diti o n al j et s i n
t h e m at ri x el e m e nt c al c ul ati o n s ( ri g ht). T h e bl a c k li n e gi v e s t h e S M p r e di cti o n ( C 3 W = 0) a n d
t h e r e d, g r e e n, a n d bl u e li n e s c o r r e s p o n d t o diff e r e nt n o n z e r o v al u e s of C 3 W , f o r w hi c h o nl y t h e
i nt e rf e r e n c e c o nt ri b uti o n i s s h o w n. T h e bl a c k a n d bl u e d a s h e d li n e s i n t h e ri g ht fi g u r e gi v e t h e
di st ri b uti o n s i n t h e p r e s e n c e of a j et v et o, a s d e s c ri b e d i n t h e t e xt.

t h a n i n t h e e n d c a p s, a n d al s o d e p e n d s o n t h e b r e m s st r a hl u n g e n e r g y e mitt e d b y t h e el e ct r o n
a s it t r a v e r s e s t h e m at e ri al i n f r o nt of t h e E C A L [ 2 2].

M u o n s a r e m e a s u r e d i n t h e r a n g e |η | < 2. 4, wit h d et e cti o n pl a n e s m a d e u si n g t h r e e t e c h n ol o-
gi e s: d rift t u b e s, c at h o d e st ri p c h a m b e r s, a n d r e si sti v e pl at e c h a m b e r s. M at c hi n g m u o n s t o
t r a c k s m e a s u r e d i n t h e sili c o n t r a c k e r r e s ult s i n a r el ati v e p T r e s ol uti o n of 1 % i n t h e b a r r el a n d
3 % i n t h e e n d c a p s f o r m u o n s wit h p T u p t o 1 0 0 G e V. T h e p T r e s ol uti o n i n t h e b a r r el i s b ett e r
t h a n 7 % f o r m u o n s wit h p T u p t o 1 Te V [ 2 3].

E v e nt s of i nt e r e st a r e s el e ct e d u si n g a t w o-ti e r e d t ri g g e r s y st e m. T h e fi r st l e v el ( L 1), c o m p o s e d
of c u st o m h a r d w a r e p r o c e s s o r s, u s e s i nf o r m ati o n f r o m t h e c al o ri m et e r s a n d m u o n d et e ct o r s t o
s el e ct e v e nt s at a r at e of a r o u n d 1 0 0 k H z wit hi n a fi x e d l at e n c y of a b o ut 4 µ s [ 2 4]. T h e s e c o n d
l e v el, k n o w n a s t h e hi g h-l e v el t ri g g e r, c o n si st s of a f a r m of p r o c e s s o r s r u n ni n g a v e r si o n of t h e
f ull e v e nt r e c o n st r u cti o n s oft w a r e o pti mi z e d f o r f a st p r o c e s si n g, a n d r e d u c e s t h e e v e nt r at e t o
a r o u n d 1 k H z b ef o r e d at a st o r a g e [ 2 5].

A m o r e d et ail e d d e s c ri pti o n of t h e C M S d et e ct o r, t o g et h e r wit h a d e fi niti o n of t h e c o o r di n at e
s y st e m u s e d a n d t h e r el e v a nt ki n e m ati c al v a ri a bl e s, c a n b e f o u n d i n R ef. [ 2 6].

4 D at a s a m pl e s a n d e v e nt si m ul ati o n

T hi s a n al y si s u s e s p p c olli si o n d at a c oll e ct e d b y t h e C M S e x p e ri m e nt b et w e e n 2 0 1 6 a n d 2 0 1 8

at
√

s = 1 3 Te V wit h a n i nt e g r at e d l u mi n o sit y of 1 3 8 f b − 1 . Si m ul at e d e v e nt s a m pl e s a r e u s e d
t o m o d el b ot h t h e W ± γ si g n al a n d s e v e r al b a c k g r o u n d s. T h e W ± γ si g n al, wit h u p t o o n e
a d diti o n al j et, a n d t h e Z +j et s, Z γ , γ γ , si n gl e-t +γ , W W, W Z, a n d Z Z b a c k g r o u n d s a m pl e s
a r e g e n e r at e d wit h M A D G R A P H 5 a M C @ N L O [ 2 7] v 2. 3. 3 – 2. 6. 5 at N L O i n Q C D. B a c k g r o u n d s
f r o m tt +j et s a n d si n gl e-t p r o d u cti o n a r e si m ul at e d wit h P O W H E G v 2. 0 [ 2 8 – 3 3]. T h e t t γ b a c k-
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ground is simulated with MADGRAPH5 aMC@NLO v2.6.0 at LO in QCD. The effect of EFT
operators on W�g distributions is modeled using a dedicated sample generated with MAD-
GRAPH5 aMC@NLO v2.6.7 at LO with up to two additional jets. Event weights for varying
values of C3W are embedded, utilizing LO matrix element reweighting [34] and the SMEFTSIM

UFO model [35, 36].

The NNPDF3.1 [37] NNLO parton distribution functions (PDFs) are used in the W�g signal
simulation. The background samples use either the NNPDF3.0 [38] NLO or NNPDF3.1 NNLO
PDFs. All samples are interfaced with PYTHIA v8.230 [39] for parton showering and underlying
event simulation. Samples produced for the 2016 analysis use the CUETP8M1 [40] underlying
event tune, with the exception of the tt samples, which use CUETP8M2T4 [41]. The 2017 and
2018 samples use the CP5 [42] tune. The CMS detector response is simulated with the GEANT4
package [43]. Additional pp interactions occurring in both the same and adjacent bunch cross-
ings (pileup) are simulated as a set of minimum bias interactions that are mixed with the hard
scattering event. In the analysis of each data-taking year the simulated events are weighted
based on the number of pileup events to match the distribution measured in data.

5 Event and object reconstruction
The pp collision vertices in an event are reconstructed by grouping tracks consistent with orig-
inating at a common point in the luminous region. The candidate vertex with the largest value
of summed physics-object p2

T is taken to be the primary pp interaction vertex. The physics
objects are the jets, clustered using the anti-kT jet finding algorithm [44, 45] with all the tracks
assigned to candidate vertices as inputs, and the associated missing transverse momentum,
taken as the negative vector pT sum of those jets.

The full event reconstruction uses the particle-flow (PF) algorithm [46], which aims to recon-
struct and identify each individual particle in an event, with 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 electrons is determined from a combination of the
electron momentum at the primary interaction vertex as determined by the tracker, the energy
of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron 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 deposits, corrected for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

For each event, hadronic jets are clustered from these reconstructed particles using the infrared-
and collinear-safe anti-kT algorithm [44, 45] with a distance parameter of 0.4. The jet momen-
tum is determined as the vector sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5–10% of the true momentum over the entire pT spectrum
and detector acceptance. Pileup interactions can contribute additional tracks and calorimetric
energy depositions to the jet momentum. To mitigate this effect, charged particles identified
to be originating from pileup vertices are discarded, and an offset correction is applied to sub-
tract remaining contributions. Jet energy corrections are derived from simulation to bring the
measured response of jets to that of particle level jets on average. In situ measurements of
the momentum balance in dijet, photon+jet, Z+jet, and multijet events are used to correct any
residual differences in the jet energy scale between data and simulation [47].
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Events of interest in this analysis are characterized by the presence of a single isolated charged
lepton, either an electron or a muon; an isolated photon; and missing transverse momentum.
Identification and isolation criteria are used to improve the purity of events containing prompt
leptons or photons, while rejecting candidates that originate from jets, pileup interactions, or
misreconstruction.

The identification criteria for photons [48] include selections on the ratio of hadronic to electro-
magnetic energy deposited in calorimeters (H/E), a variable quantifying the lateral extension
of the shower (shh), and a requirement that the photon ECAL cluster is not matched to an elec-
tron track that has hits in the innermost tracker layers. Electron candidates are required to pass
identification criteria related to the impact parameters of the track with respect to the primary
vertex, the matching between the track and ECAL cluster, the shower shape in the ECAL, and
the same H/E variable as for photons. A veto on electrons originating from photon conver-
sions is applied [21]. Muon candidates are reconstructed by a simultaneous track fit to hits in
the tracker and in the muon chambers. Identification criteria are applied to the impact param-
eters with respect to the primary vertex, to the number of spatial measurements in the silicon
tracker and the muon system, and to the fit quality of the combined muon track.

Both lepton and photon candidates are required to be isolated from any other activity in the
event. For electrons and muons, a relative isolation variable is defined as

I`rel =
1

p`T

"
å

charged
pT + max

�
0, å

neutral
pT + å

photons
pT � ppileup

T

�#
, (4)

where the sums are over the PF candidates of the indicated type that are within DR < 0.4 of
the lepton, with DR =

p
(Dh)2 + (Df)2. To suppress the effect of pileup, only charged hadrons

compatible with originating at the primary vertex are included. For the neutral hadron and
photon sums, an estimate of the expected pileup contribution is subtracted [23, 48]. Require-
ments of Im

rel < 0.15 and Ie
rel < 0.05–0.09 are applied, where the latter selection varies with pe

T
and jhe j. For photons, isolation requirements are applied separately to each of the three com-
ponents in Eq. (4). In addition, a selection is applied on the maximal charged particle isolation
sum Imax

ch computed with respect to any vertex. A requirement of Imax
ch < min(0.05pg

T , 6 GeV) is
applied. This more than halves the rate of photons from pileup jets, which constitute around
60% of misidentified photons at low pg

T .

For leptons and photons, several corrections are applied to the simulation to improve the mod-
eling of the data. Correction factors are applied as event weights for the efficiencies of electrons
and muons to be reconstructed, pass their respective identification and isolation criteria, and
pass the single-lepton trigger requirements. These are determined using the “tag-and-probe”
(T&P) technique [49] with Z ! `` data. Similarly, scale factors for the efficiencies of photons
to pass identification and isolation criteria are applied. These are measured with the T&P tech-
nique in Z ! ee events, where the probe electron is reconstructed as a photon. The muon
momentum scale in data and simulation is corrected using a calibration derived in Z ! mm
events [23, 50]. In simulation this includes an additional resolution smearing to match the per-
formance in data. Similarly, scale and resolution corrections are applied to simulated electrons
and photons to better match the data resolution.

The missing transverse momentum vector ~pmiss
T is computed as the negative vector pT sum

of all the PF candidates in an event, and its magnitude is denoted as pmiss
T [51]. The ~pmiss

T
vector is modified to account for corrections to the energy scale of the reconstructed jets. The
pileup-per-particle identification algorithm [52] is applied to reduce the pileup dependence of
the ~pmiss

T observable. In the sum over PF candidates, each pT is weighted by the probability for
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that particle to originate from the primary interaction vertex.

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

functions, or noncollision backgrounds. Such events are rejected by event filters that are de-
signed to identify more than 85% of the spurious high-pmiss

T events with a mistagging rate of
less than 0.1% [51].

6 Event selection
Single-lepton triggers are used to select data events. These require that candidates pass loose
identification and isolation criteria and have a pT above thresholds of 27–32 GeV for electrons
and 24–27 GeV for muons, with the exact values depending on the data-taking year.

The offline event selection requires the presence either of an electron with pT > 35 GeV and
jhj < 2.5 (electron channel) or a muon with pT > 30 GeV and jhj < 2.4 (muon channel). The
lepton must pass the identification criteria outlined in Section 5 and be spatially matched to
the object that fired the trigger. Electron candidates falling in the transition region between the
ECAL barrel and endcap calorimeters, 1.44 < jhj < 1.57, are rejected. Events are vetoed if
they contain additional leptons with pT > 10 GeV that pass looser versions of the identification
criteria. The same photon selection is used for both channels. The photon is required to have
pT > 30 GeV and jhj < 2.5, not fall in the ECAL transition region, pass the identification and
isolation requirements and be separated from the selected lepton by DR > 0.7. Events with
more than one photon passing these requirements are rejected. Hadronic jets in the event are
counted if having pT > 30 GeV, jhj < 2.5, and a separation from both the lepton and photon of
DR > 0.4.

In both channels, events are required to have pmiss
T > 40 GeV. This reduces a large source of

background from processes that do not contain any intrinsic pmiss
T , for example Z ! ``. Events

with m`g , the invariant mass of the lepton-photon pair, close to mZ are rejected. In the electron
channel this veto is on events with 70 < meg < 110 GeV, which reduces the remaining Z ! ee
contribution. In the muon channel the range is 70 < mmg < 100 GeV, which rejects events
where the photon originates as final-state radiation, Z ! mm ! mmg, and takes a large fraction
of the original muon momentum.

This baseline event selection results in the selection of 72 798 electron channel and 109 669 muon
channel events, of which W�g production is expected to account for 53 and 58%, respectively.
Figure 4 shows the p`T, pg

T , mT(`, pmiss
T ), and mcluster

T distributions in data and simulation. The
mcluster

T observable is the transverse mass of the `ng system, defined as

mcluster
T =

rhq
m2

`g + p2
T,`g + pmiss

T

i2
� p2

T,`gmiss, (5)

where pT,`g is the transverse momentum of the lepton and photon system, and pT,`gmiss is the
transverse momentum of the lepton, photon, and pmiss

T system. The baseline selection is used
for the majority of the differential cross section measurements reported in Section 9. For the
EFT analysis a tighter selection, the EFT selection, with p`T > 80 GeV and pg

T > 150 GeV is
applied, and events containing hadronic jets, as defined above, are vetoed.

6.1 Reconstruction of f

In the EFT analysis the neutrino four-momentum is required to construct the W�g center-of-
mass frame and determine the azimuthal angle f. The reconstruction procedure described in
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Fi g u r e 4: Di st ri b uti o n s of t h e l e pt o n p T ( u p p e r l eft), t h e p h ot o n p T ( u p p e r ri g ht), m T ( , p mi s s
T )

(l o w e r l eft), a n d m cl u st e r
T (l o w e r ri g ht), c o m bi ni n g t h e el e ct r o n a n d m u o n c h a n n el s. T h e h o ri z o n-

t al a n d v e rti c al b a r s a s s o ci at e d t o t h e d at a p oi nt s c o r r e s p o n d t o t h e bi n wi dt h s a n d st ati sti c al
u n c e rt ai nti e s, r e s p e cti v el y. T h e s h a d e d b a n d r e p r e s e nt s t h e t ot al st ati sti c al a n d s y st e m ati c u n-
c e rt ai nt y i n t h e si g n al pl u s b a c k g r o u n d e x p e ct ati o n.
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R ef. [ 1 2] i s f oll o w e d. T h e p mi s s
T v e ct o r i n t h e e v e nt i s a s s u m e d t o b e t h e t r a n s v e r s e m o m e nt u m of

t h e n e ut ri n o, p
ν
T . T h e n b y r e q ui ri n g t h at t h e i n v a ri a nt m a s s of t h e c h a r g e d l e pt o n a n d n e ut ri n o

s y st e m e q u al s t h e W ± b o s o n p ol e m a s s m W , it i s p o s si bl e t o f o r m a n e q u ati o n f o r η ν ,

η ν = η ± l n 1 + ∆ 2 + ∆ 2 + ∆ 2 , ( 6)

w h e r e:

∆ 2 =
m 2

W − m 2
T

2 p T p
ν
T

, ( 7)

η i s t h e p s e u d o r a pi dit y of t h e l e pt o n, a n d m T i s t h e t r a n s v e r s e m a s s of t h e ν s y st e m. Of t h e
t w o p o s si bl e s ol uti o n s f o r η ν , o nl y o n e will c o r r e s p o n d t o t h e u n k n o w n t r u e v al u e. O n e of t h e
t w o s ol uti o n s i s pi c k e d at r a n d o m e v e nt- b y- e v e nt. I n t h e li mit of hi g h W ± b o s o n m o m e nt u m,
it c a n b e d e m o n st r at e d t h at t h e t w o s ol uti o n s f o r φ , φ + a n d φ − , a r e r el at e d b y φ + = π −
φ − , m o d ul o 2π . T hi s i nt ri n si c a m bi g uit y d o e s n ot, h o w e v e r, p r e v e nt t h e o b s e r v ati o n of t h e
i nt e rf e r e n c e eff e ct. T hi s i s ill u st r at e d i n Fi g. 3, w h e r e t h e d e vi ati o n i n t h e φ di st ri b uti o n i s
u n aff e ct e d b y a t r a n sf o r m ati o n φ → π − φ .

O n e a d diti o n al c o m pli c ati o n t o t hi s r e c o n st r u cti o n i s i n c a s e s w h e r e m T > m W , eit h e r b e c a u s e

t h e W ± b o s o n w a s p r o d u c e d off s h ell, o r b e c a u s e of mi s m e a s u r e d p mi s s
T i n t h e r e c o n st r u cti o n.

I n t hi s c a s e E q. ( 6) h a s n o r e al s ol uti o n s a n d i n st e a d η ν i s a s s u m e d t o e q u al η , w hi c h gi v e s a
l e pt o n- n e ut ri n o m a s s a s cl o s e a s p o s si bl e t o m W . I n t h e s e e v e nt s φ i s bi a s e d t o w a r d s ± π / 2.

Fi g u r e 5 s h o w s t h e t w o- di m e n si o n al ( 2 D) di st ri b uti o n of φ g e n v e r s u s φ t r u e, w h e r e φ g e n i s t h e
r e c o n st r u ct e d φ a n gl e u si n g p a rti cl e-l e v el q u a ntiti e s.
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Fi g u r e 5: T h e t w o- di m e n si o n al di st ri b uti o n of φ g e n v e r s u s φ t r u e, w h e r e t h e f o r m e r i s r e c o n-
st r u ct e d u si n g t h e p a rti cl e-l e v el l e pt o n a n d p h ot o n m o m e nt a a n d p mi s s

T . T h e off- di a g o n al c o m-
p o n e nt s c o r r e s p o n d t o e v e nt s w h e r e t h e i n c o r r e ct s ol uti o n f o r η ν i s c h o s e n, a s d e s c ri b e d i n t h e
t e xt.

Gi v e n t hi s a m bi g uit y i n φ , t h e v a ri a bl e φ f i s u s e d i n t h e s u b s e q u e nt a n al y si s, w h e r e

φ f =






− ( π + φ ) , f o r φ < − π
2 ;

φ , f o r |φ | < π
2 ;

π − φ , f o r φ > π
2 .

( 8)
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Furthermore, since the distributions of f f shown in Fig. 3 are symmetric about zero, the mag-
nitude jf f j will be used.

7 Background estimation
The background from processes containing prompt leptons and photons is estimated from sim-
ulation. This includes Z/g�(``)g, ttg, WVg, and single-t+g production, where V = W, Z.

An important background in the electron channel is from events with two prompt electrons,
predominantly Z ! ee, in which one is misidentified as the photon candidate. The rate at
which electrons, having passed the photon identification criteria described in Section 5, are
subsequently not rejected by the specific electron veto is measured in both data and simulation
using the T&P method. The probability in data is typically 1–5%, depending on the pT and h
of the electron. The resulting correction factors are applied in all simulated events where the
photon candidate is matched to a prompt electron at the generator level.

The remaining backgrounds originate from other processes where one or both of the lepton
and photon are misidentified, and these are discussed in the following sections.

7.1 Jets misidentified as photons

After the baseline selection, the main background in both channels comes from W+jets events
in which a jet is misidentified as a photon. These jets tend to have high fractions of energy
deposited in the ECAL, and may contain genuine photons, for example from p0 ! gg decays.
Since the probability for jets to pass the photon identification criteria is not guaranteed to be
well modeled in simulation, this background is estimated using data.

Independent control regions, with a high purity in misidentified jets, are defined by inverting
some of the photon identification requirements. Two variables are used: the charged isolation
sum defined in Eq. (4), denoted Ich, and shh . This exploits the fact that misidentified jets tend
to be less well isolated and have broader showers than prompt photons. For a given selection
and observable bin, the events in the inverted-shh region are used to predict the number of
misidentified jet events in the nominal region, Nmisid. Each inverted-shh event is assigned an
extrapolation factor, fg , corresponding to the expected inverted-to-nominal ratio given the pT
and jhj of the photon candidate. This gives

Nmisid = å
data

fg(pg
T , hg)� Nprompt-g

sim , (9)

where the sum runs over all data events in the inverted-shh region, and Nprompt-g
sim is the esti-

mated prompt photon contamination, determined by applying the same extrapolation factors
to simulated events in this region. The fg value for each pT and jhj bin is determined from a
region where Ich is inverted. The shh extrapolation factor, calculated after the subtraction of
the expected prompt photon contribution, varies linearly with Ich. Therefore, a linear fit to the
ratio is performed, with the result extrapolated to the nominal Ich region to give fg .

The statistical uncertainty in fg is 2–35%, depending on the pT and jhj bin. Systematic uncer-
tainties come from the normalization of the prompt photon contribution that is subtracted, and
the bias in the extrapolated value of fg , compared with the true value, when the method is
validated in simulation. The former is typically 10%, and the latter is up to 15% in a given bin.
The total statistical and systematic uncertainty, which ranges from 10 to 45%, is propagated
through all subsequent results.
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In the EFT selection, because of the limited number of control region events for pg
T > 150 GeV,

this method is modified. In the inverted-shh region, the nominal requirement on Ich is retained,
whereas all other photon identification criteria are removed and replaced with only a loose
requirement of H/E < 0.15. The total uncertainty in fg is 20–60% under this selection, and the
statistical component is typically dominant.

7.2 Misidentified leptons

Another contribution comes from events with a prompt photon but a nonprompt or misiden-
tified lepton, e.g., within a jet containing a semileptonic meson decay. The main identifying
feature of such events is that the leptons will generally be less well isolated. The contribution
is estimated by applying an inverted lepton isolation requirement, and applying a per-event
extrapolation factor f` , binned in pT and jhj, to predict the number of events in the nominal
isolated selection.

The f` factors are measured in a control region in data designed to increase the purity of events
with misidentified leptons. This control region is obtained by applying the baseline selection in
both channels, but vetoing the presence of an identified photon and instead requiring the pres-
ence of a jet with pT > 30 GeV and jhj < 2.5. A requirement of mT(`, pmiss

T ) < 30 GeV is applied
to reject the background from W+jets events. The remaining contamination from W+jets and
other prompt-lepton sources is estimated using simulation and subtracted. The normalization
uncertainty in this prompt subtraction dominates the uncertainties in the f` factors, which are
typically 10–40%.

Both the misidentified lepton and misidentified photon background estimates predict the con-
tribution from events where both objects are misidentified. To avoid double-counting these
events, their expected contribution is subtracted from the misidentified lepton background es-
timate. This is estimated using events in a region where both the lepton isolation and photon
shh requirements are inverted, where the extrapolation factors for both methods are applied.

8 Systematic uncertainties
The effects of systematic uncertainties in the signal and background expectations are incorpo-
rated for all measurements in this analysis. The majority of the uncertainties affect both the
shape and normalization of the predictions, whereas several affect only the normalization. The
shape variations are modeled by a smooth interpolation between the nominal and �1 stan-
dard deviation predictions in each bin and a linear extrapolation beyond this. The systematic
uncertainties and their typical effect on the expected yields are summarized in Table 1. The
experimental sources are as follows:

� Integrated luminosity: The 2016, 2017, and 2018 data set uncertainties are 1.2%, 2.3%,
and 2.5% [53–55], respectively, applied to all processes estimated purely with simu-
lation. The total integrated luminosity has an uncertainty of 1.6%, the improvement
in precision reflecting the (uncorrelated) time evolution of some systematic effects.

� Pileup modeling: The uncertainty in the weighting of the pileup distribution in simu-
lation is derived by varying the total inelastic cross section by �5% in the estimate
of the distribution in data [56].

� L1 trigger: During the 2016 and 2017 data-taking periods, a gradual shift in the tim-
ing of the inputs of the ECAL L1 trigger in the jhj > 2.4 region led to a specific
inefficiency. A correction amounting to 2–3% is applied to the simulation along with
the corresponding uncertainty in the inefficiency measurement.
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Table 1: Summary of the systematic uncertainties affecting the signal and background predic-
tions. The table notes whether each uncertainty affects the shape of the measured observable
or just the normalization, and whether the effect is correlated between the data-taking years.
The normalization effect on the expected yield of the applicable processes is also given. For
some shape uncertainties the values vary significantly across the observable distribution. In
these cases the typical range and maximum values are given, where the former is the central
68% interval considering all bins.

Uncertainty Affects
shape

Corr.
years

Relative effect on expected yield

Experimental
Integrated luminosity — Partial 1.6%
Pileup modeling X X 0.2–3.1%
L1 trigger X X 0.3–1.1%
Electron ID X X 0.7–2.8%
Electron ID (pe

T > 200 GeV) X — 0.1–1.2%
Electron trigger — — 0.5%
Muon ID (stat) X — 0.1–0.6%
Muon ID (syst) X X 0.2–0.7%
Muon trigger X — 0.1–0.7%
Photon ID X X 0.6–6.0%
Photon ID (pg

T > 200 GeV) X — 2.1–4.7%
Photon ID (high pT extrapolation) X — Typically 3.0–9.0%, max. 14%
Photon (e veto) — — 1%
Photon energy scale X X Typically 0.1–4.8%, max. 13%
Jet energy scale X — 1–4%
pmiss

T scale X Partial 0.1–10.1%
e ! g misidentification X — Typically 6.7–18%, max. 25%
Jet! g misidentification X — 10–45%
Misidentified e X — Typically 13–36%, max. 75%
Misidentified m X — Typically 16–42%, max. 70%

Theoretical
W�g acceptance (scale) X X 0.3–1.7%
W�g acceptance (PDF) X X Typically 0.5–2.2%, max. 7.6%
W�g out-of-acceptance (scale) X X 5.2–12%
W�g parton shower modeling X X 0.2–1.3%
Background normalization (scale) — X 2.0–16%
Background normalization (PDF) — X 4.2–4.8%
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� Lepton ID and trigger efficiencies: The uncertainties in the measured correction factors
are applied to the simulation, which include both statistical and systematic sources.
The latter dominate at low pT and the former in the higher pT range probed in this
analysis.

� Photon ID efficiency: The uncertainties in the identification correction factors, derived
in Z ! ee events, are applied to the simulation. The highest pT measurement bin
(pg

T > 200 GeV) is dominated by the statistical uncertainty and so is uncorrelated
from the uncertainty at lower pT. An uncertainty in the extrapolation of the efficien-
cies to the maximum pg

T considered, 1.5 TeV, is also included.

� Photon energy scale: The uncertainty from the calibration of the scale in data is de-
termined using Z ! ee events. Typical values are 0.1–3% of the photon energy
depending on pT.

� Jet energy scale corrections: The energies of jets in simulation are varied within the
uncertainties of the scale correction measurements and propagated to all relevant
observables. The magnitude varies with pT and h, and is typically a few percent.

� pmiss
T scale: The uncertainty in the jet energy scale also has a correlated effect on the

pmiss
T calculation. An additional uncertainty is included for the energy scale of PF

candidates not clustered in jets.

� Electrons misidentified as photons: An uncertainty in the correction of the electron to
photon misidentification rate, due to the subtraction of genuine photon events in the
T&P measurement, is derived.

� Jets misidentified as photons: For jets misidentified as photons, the uncertainties from
the method based on control samples in data described in Section 7.1 are applied,
independently for each pg

T and jhg j bin that fg is measured in. These uncertainties
are correlated between the electron and muon channels.

� Misidentified leptons: The dominant source of uncertainty in the f` measurement,
described in Section 7.2, comes primarily from the normalization of the subtracted
prompt lepton contamination in the measurement region.

� Simulated sample size: The statistical uncertainty due to the finite number of simu-
lated events per bin is applied following the Barlow–Beeston method [57].

Theoretical uncertainties in the W�g signal prediction because of missing higher orders in
the perturbative cross section calculation are evaluated by varying the renormalization and
factorization scales, denoted mR and mF, respectively, in simulated events by factors of 0.5 and
2. The maximum variation among all possible pairings of mR and mF is considered, with the
exception of the (0.5, 2) and (2, 0.5) combinations. For constraints on C3W , the full uncertainty
from this procedure is applied, which amounts to an 8–11% normalization effect depending
on the bin. For the cross section measurements, the effect on the predicted cross sections is
neglected, whereas the effect on the reconstruction-level acceptance is retained. These values
typically vary from 0.5 to 2% and are treated as independent for each measured cross section
bin. Conversely, for the contamination of signal events from outside the fiducial region, the
effect on both cross section and acceptance is included. Uncertainties from the NNPDF3.1 PDF
set eigenvectors are also evaluated following the PDF4LHC prescription [58], and affect the
acceptance by up to 2%. For measurements that include a jet veto, an additional migration
uncertainty between the 0-jet and �1-jet regions is applied, following the procedure described
in Ref. [59]. This results in an 8.6% uncertainty in the 0-jet cross section.

Normalization uncertainties are assigned for each background process estimated with simula-
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tion to account for missing higher-order corrections and the PDF choice. These are treated as
uncorrelated between different processes, and are calculated following the same procedures as
for the signal. The missing higher-order correction uncertainties typically range from 2 to 3.5%,
and the PDF uncertainties are up to 4.8%, depending on process.

9 Results
The results described in this section are obtained using statistical procedures developed by the
ATLAS and CMS Collaborations, detailed in Refs. [60, 61] and implemented in the ROOFIT [62]
and ROOSTATS [63] frameworks.

The parameters of interest~a for a particular result are estimated with their corresponding con-
fidence intervals using a profile likelihood ratio test statistic q(~a) [64], in which experimental
and theoretical uncertainties are incorporated via nuisance parameters (NPs)~q:

q(~a) = �2 ln

0@L�~a,~̂q~a
�

L(~̂a,~̂q)

1A . (10)

The asymptotic approximation, whereby q(~a) is assumed to follow a c2 distribution, is used
in the determination of the confidence intervals. The likelihood functions in the numerator
and denominator of Eq. (10) are constructed using products of binned signal and background
probability density functions, as well as constraint terms for the NPs. The quantities ~̂a and
~̂q denote the unconditional maximum likelihood estimates of the parameter values, while ~̂q~a
denotes the conditional maximum likelihood estimate for fixed values of the parameters of
interest~a. The binned likelihood function is expressed as

L(data j~a,~q) = Õ
i

Poisson(ni j si(~a,~q) + bi(~q))p(e~q j ~q), (11)

where ni is the number of observed events in each bin, s and b are the expected numbers of

signal and background events, and e~q represents the nominal values of the NPs, determined by
external measurements.

For the measurement of a set of fiducial cross sections, ~a � sj, the signal expectation s is
constructed as

si = å
j

sjRij(~q)L + å
k

sOOA
k Rik(~q)L, (12)

where j runs over the set of W�g fiducial cross sections being measured; k runs over a set of
unmeasured fiducial cross section bins, referred to as out-of-acceptance (OOA) and discussed
further below; L is the integrated luminosity of a given data set; and Rij is the response matrix,
parameterized by ~q, giving the probability for an event in fiducial bin j to be reconstructed in
analysis bin i.

In this measurement a significant OOA contribution can come from events that are within
the fiducial acceptance with the sole exception of the pmiss

T requirement, because pmiss
T is mea-

sured with poor resolution compared with the transverse momentum of the leptons and pho-
tons. This component is therefore split into the same set of fiducial bins j but with a mod-
ified pmiss

T selection. Since it is not possible to measure these OOA cross sections smiss
j si-

multaneously, they are related to the sj using the predicted ratios from the W�g simulation:
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smiss
j = (smiss,MC

j /sMC
j )sj. The remaining OOA contribution sOOA is small and is fixed to the

value predicted by the simulation. This includes events in which the electron or muon origi-
nates from a tau lepton decay. Equation (12) above can then be expressed as

si = å
j

"
sjRij(~q)L +

smiss,MC
j

sMC
j

sjR
miss
ij (~q)L

#
+ sOOAROOA

i (~q)L. (13)

In addition to measuring the absolute sj, it is useful to present the results as fractional cross
sections, f j = sj/stot, where stot is treated as a free parameter in the likelihood fit and å f j is
constrained to unity. This facilitates comparisons between different predictions purely on the
basis of observable shape, and reduces the impact of systematic uncertainties that are uniform
across the distribution, for example from the integrated luminosity.

Tabulated versions of all the results in this section are provided in the HEPData record for this
analysis [65].

9.1 Differential cross sections

The differential cross sections sj(pp ! W�g ! `�ng), where ` denotes all three lepton fla-
vors, are measured in the following fiducial region:

� p`T > 30 GeV, jh` j < 2.5,

� pg
T > 30 GeV, jhg j < 2.5,

� pmiss
T > 40 GeV,

� DR(`, g) > 0.7.

These selections are chosen to match as closely as possible with the reconstruction-level base-
line described in Section 6, with two exceptions: in the electron channel pe

T > 35 GeV is required
because of the higher trigger thresholds, and in the muon channel jhm j < 2.4 is applied to reflect
the acceptance of the muon system.

The lepton momenta are completed by adding the four-momenta of any photons with DR(`, g) <
0.1 to the four-momentum of the lepton. A smooth-cone photon isolation selection is also ap-
plied. This is necessary to ensure an infrared-safe cross section calculation in perturbative
QCD. It requires that for every cone in h–f around the photon direction with radius d < d0 the
total scalar transverse energy sum ET must be smaller than Emax

T (d) [66] where

Emax
T (d) = epg

T

�
1� cos d

1� cos d0

�n

, (14)

and the values of the tunable parameters are set as d0 = 0.4, e = 1.0, and n = 1.

Differential cross sections are measured for pg
T , hg , DR(`, g), Dh(`, g), and mcluster

T under the
baseline selection. The jf f j observable is measured only under the higher-pT EFT selection,
given in Section 9.4, where the resolution is sufficiently improved compared to the baseline
selection.

The signal model is constructed as in Eq. (13), where the OOA contributions smiss
j are defined

for events with 0 < pmiss
T < 40 GeV, but otherwise within the fiducial region for j. A simul-

taneous fit is performed to the reconstructed distributions of the observables in each year and
for each of the electron and muon channels. These distributions use the same bin boundaries
as the fiducial-level cross section bins. The measurements are compared with the predictions
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from the NLO MADGRAPH5 aMC@NLO+PYTHIA simulation (MG5 aMC+PY8) and NNLO pre-
dictions from the MATRIX [67, 68], MCFM [69, 70] and GENEVA [71–74] frameworks.

The MATRIX calculation implements a dedicated qT-subtraction formalism [75, 76], where qT
is the total transverse momentum of the colorless final state particles. The framework utilizes
amplitudes up to one-loop level from OPENLOOPS [77, 78], as well as dedicated two-loop cal-
culations [79]. The MCFM prediction uses the N-jettiness slicing method, with all one- and
two-loop amplitudes [79] calculated using analytic formulae. It is given with and without the
inclusion of NLO electroweak corrections, which have been shown [69, 80] to modify W�g dif-
ferential distributions by O(10%). The NLO electroweak correction to the qq-initiated process
is applied multiplicatively to the NNLO QCD cross section, which is then summed with the
contribution from the distinct photon-induced qg channel. The GENEVA framework combines
the fixed-order NNLO result with a next-to-next-to-leading logarithmic resummed calculation,
in this case using soft-collinear effective theory to resum the 0-jettiness variable. The output
events are interfaced with PYTHIA8 [39] for parton showering, hadronization and underlying
event simulation.

Figures 6–8 show the resulting measurements for each observable. For pg
T in Fig. 6, the uncer-

tainty composition and correlation matrices are also given.

The absolute cross section, as a function of pg
T , is measured with a precision of 4–5% at low pT,

dominated by experimental systematic uncertainties, to 40% in the highest bin, dominated by
the statistical uncertainty. The fractional cross section uncertainty falls to 2–3% at low pT, owing
to a cancellation of systematic uncertainties. Both measurements show a tendency towards the
lower values of the NNLO predictions at high pT. Although the NLO electroweak correction
is predicted to reduce the cross section in this region by up to 30%, the current precision is
not sufficient to distinguish this effect. The correlation matrices illustrate how large positive
correlations between bins in the absolute measurement are reduced significantly when using
the fractional parameterization.

The DR(`, g) measurement is in agreement with all the predictions in the bulk of the distribu-
tion, but favors the higher NNLO predictions in the DR > 4.0 region. The Dh(`, g) measure-
ment shows significant enhancement in the highest jDhj bins compared with the MG5 aMC+PY8
prediction. The NNLO predictions feature a similar, though less pronounced effect. The mcluster

T
distribution is broadly in agreement with the predictions, however with a moderate disagree-
ment in the shape of the peak in the 100–300 GeV region.

9.2 Cross section as a function of the jet multiplicity

The cross section is measured as a function of the jet multiplicity using the same fiducial region
as the previous results. The fiducial selection for the jets is chosen to match the experimental
selection. Jets are clustered from final state particles, excluding neutrinos, with the anti-kT
algorithm and a distance parameter of 0.4. They are required to have pT > 30 GeV, jhj < 2.5,
and be separated from both the lepton and photon by DR > 0.4. The measured cross sections
and their correlation matrix are shown in Fig. 9, and the cross section values are listed in Table 2.

The measured 0-jet cross section is 5–15% smaller than the various predictions. A similar trend
is observed in the 1-jet measurement, whereas the �2-jet measurement is higher than the pre-
dictions. Each measurement is positively correlated with the other two, with the strongest
correlation of +0.86 between the 0-jet and 1-jet bins.
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Fi g u r e 6: T h e m e a s u r e d p
γ
T a b s ol ut e (l eft) a n d f r a cti o n al ( ri g ht) diff e r e nti al c r o s s s e cti o n s ( u p-

p e r), c o m p a r e d wit h t h e M G 5 a M C + P Y 8, G E N E V A , M A T R I X a n d M C F M p r e di cti o n s, a n d c o r r e-
s p o n di n g u n c e rt ai nt y d e c o m p o siti o n ( c e nt e r) a n d c o r r el ati o n m at ri c e s (l o w e r). I n t h e u p p e r
fi g u r e s, t h e bl a c k v e rti c al b a r s gi v e t h e t ot al u n c e rt ai nt y o n e a c h m e a s u r e m e nt. T h e p r e di cti o n s
a r e off s et h o ri z o nt all y i n e a c h bi n t o i m p r o v e vi si bilit y, a n d t h e c o r r e s p o n di n g v e rti c al b a r s
s h o w t h e mi s si n g hi g h e r o r d e r c o r r e cti o n u n c e rt ai nti e s.
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Fi g u r e 7: T h e m e a s u r e d a b s ol ut e (l eft) a n d f r a cti o n al ( ri g ht) diff e r e nti al c r o s s s e cti o n s f o r η γ

( u p p e r) a n d ∆ R ( , γ ) (l o w e r), c o m p a r e d wit h t h e M G 5 a M C + P Y 8, G E N E V A , M A T R I X a n d M C F M

p r e di cti o n s. T h e s h a d e d b a n d s gi v e t h e c o r r e s p o n di n g mi s si n g hi g h e r o r d e r c o r r e cti o n u n c e r-
t ai nti e s. T h e bl a c k v e rti c al b a r s gi v e t h e t ot al u n c e rt ai nt y o n e a c h m e a s u r e m e nt. T h e p r e di c-
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Fi g u r e 8: T h e m e a s u r e d a b s ol ut e (l eft) a n d f r a cti o n al ( ri g ht) diff e r e nti al c r o s s s e cti o n s f o r
∆ η ( , γ ) ( u p p e r) a n d m cl u st e r

T (l o w e r), c o m p a r e d wit h t h e M G 5 a M C + P Y 8, G E N E V A , M A T R I X a n d
M C F M p r e di cti o n s. T h e s h a d e d b a n d s gi v e t h e c o r r e s p o n di n g mi s si n g hi g h e r o r d e r c o r r e cti o n
u n c e rt ai nti e s. T h e bl a c k v e rti c al b a r s gi v e t h e t ot al u n c e rt ai nt y o n e a c h m e a s u r e m e nt. T h e p r e-
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Fi g u r e 9: T h e m e a s u r e d j et m ulti pli cit y c r o s s s e cti o n s (l eft) a n d c o r r e s p o n di n g c o r r el ati o n m a-
t ri x ( ri g ht). I n t h e l eft fi g u r e, t h e bl a c k v e rti c al b a r s gi v e t h e t ot al u n c e rt ai nt y o n e a c h m e a-
s u r e m e nt. T h e p r e di cti o n s a r e off s et h o ri z o nt all y i n e a c h bi n t o i m p r o v e vi si bilit y, a n d t h e
c o r r e s p o n di n g v e rti c al b a r s s h o w t h e mi s si n g hi g h e r o r d e r c o r r e cti o n u n c e rt ai nti e s.

T a bl e 2: C r o s s s e cti o n s m e a s u r e d i n bi n s of j et m ulti pli cit y a n d c o m p a ri s o n wit h t h e
M G 5 a M C + P Y 8, G E N E V A , M A T R I X a n d M C F M p r e di cti o n s. T h e M C F M c ol u m n m a r k e d ( E W)
i s t h e N N L O Q C D p r e di cti o n c o m bi n e d wit h N L O el e ct r o w e a k c o r r e cti o n s, a s d e s c ri b e d i n t h e
t e xt.

σ ( f b)

N u m b e r of j et s B e st fit St at S y st M G 5 a M C + P Y 8 M A T R I X  M C F M  M C F M ( E W) G E N E V A

= 0 1 4 0 0 + 7 1
− 6 7

+ 1 1
− 1 1

+ 7 0
− 6 7 1 6 5 0 ± 1 1 0 1 4 7 3 ± 1 9 1 5 4 4 ± 1 8 1 4 7 1 ± 1 8 1 5 8 4 ± 2 6

= 1 1 2 4 6 + 6 1
− 5 8

+ 1 1
− 1 1

+ 6 0
− 5 7 1 5 9 0 ± 1 2 0 1 3 0 4 ± 6 4 1 3 9 7 ± 6 2 1 3 7 6 ± 6 2 1 4 9 0 ± 1 1 0

≥ 2 1 0 3 7 + 7 8
− 7 9

+ 1 0
− 1 0

+ 7 7
− 7 8 8 2 0 ± 1 2 0 9 5 0 ± 2 6 0 9 9 0 ± 2 7 0 9 5 0 ± 2 7 0 7 9 0 ± 1 4 0

9. 3 T h e r a di ati o n a m plit u d e z er o eff e ct

I n p p c olli si o n s t h e R A Z eff e ct i s o b s e r v e d [ 4] i n t h e r a pi dit y diff e r e n c e b et w e e n t h e c h a r g e d
l e pt o n a n d t h e p h ot o n; it m a nif e st s it s elf a s a s u p p r e s si o n of t h e c r o s s s e cti o n n e a r ∆ η ( , γ ) = 0.
T hi s r e gi o n i s of i nt e r e st b e c a u s e n e w p h y si c s eff e ct s c o ul d m a k e t h e mi ni m u m i n t hi s r e gi o n
l e s s p r o n o u n c e d. S e v e r al m o d el s wit h r e s o n a n c e s t h at w o ul d e x hi bit t hi s f e at u r e a r e di s c u s s e d
i n R ef. [ 8 1]. I n t h e E F T f r a m e w o r k t hi s e n h a n c e m e nt i s g e n e r at e d b y C 3 W , h o w e v e r, t h e ∆ η ( , γ )
o b s e r v a bl e i s si g ni fi c a ntl y l e s s s e n siti v e t h a n t h e a p p r o a c h p u r s u e d i n t hi s p a p e r, a s d e s c ri b e d
i n S e cti o n 2.

T o o b s e r v e t h e R A Z eff e ct i n d at a it i s n e c e s s a r y t o a d d f u rt h e r r e q ui r e m e nt s t o t h e b a s eli n e
s el e cti o n. A v et o o n t h e p r e s e n c e of a n y j et wit h p T > 3 0 G e V a n d |η | < 2. 5 i s a p pli e d
t o p r ef e r e nti all y s el e ct e v e nt s i n t h e B o r n c o n fi g u r ati o n, a n d a r e q ui r e m e nt t h at m cl u st e r

T >
1 5 0 G e V. Fi g u r e 1 0 s h o w s t h e diff e r e nti al c r o s s s e cti o n m e a s u r e m e nt s, w h e r e a p r o n o u n c e d
di p at ∆ η ( , γ ) = 0 i s o b s e r v e d. T h e j et v et o i n t hi s s el e cti o n gi v e s a si mil a r diff e r e n c e i n n o r-
m ali z ati o n b et w e e n m e a s u r e m e nt a n d p r e di cti o n s a s f o r t h e 0-j et c r o s s s e cti o n i n t h e p r e vi o u s
s e cti o n. I n a d diti o n, t h e di p at ∆ η ( , γ ) = 0 i s l a r g e r t h a n t h e p r e di cti o n s, t h o u g h cl o s e r t o
t h e N N L O c al c ul ati o n s, a n d t h e e n h a n c e m e nt i n t h e hi g h |∆ η ( , γ ) | r e gi o n i s si mil a r t o t h at
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v e rti c al b a r s gi v e t h e t ot al u n c e rt ai nt y o n e a c h m e a s u r e m e nt. T h e p r e di cti o n s a r e off s et h o ri-
z o nt all y i n e a c h bi n t o i m p r o v e vi si bilit y, a n d t h e c o r r e s p o n di n g v e rti c al b a r s s h o w t h e mi s si n g
hi g h e r o r d e r c o r r e cti o n u n c e rt ai nti e s.

9. 4 E F T c o n str ai nt s

I n t hi s s e cti o n, c o n st r ai nt s o n t h e C 3 W c o ef fi ci e nt a r e d e ri v e d vi a a p a r a m et e ri z ati o n of t h e
fi d u ci al c r o s s s e cti o n i n p

γ
T a n d |φ f |, u n d e r t h e E F T s el e cti o n d e s c ri b e d i n S e cti o n 6. T h e bi n

b o u n d a ri e s a r e [ 1 5 0, 2 0 0, 3 0 0, 5 0 0, 8 0 0, 1 5 0 0] G e V a n d [ 0, π / 6, π / 3, π / 2], r e s p e cti v el y. F o r t h e
c o r r e s p o n di n g 2 D diff e r e nti al c r o s s s e cti o n m e a s u r e m e nt t h e t w o hi g h e st p T bi n s a r e m e r g e d,
o wi n g t o t h e s m all n u m b e r of e v e nt s e x p e ct e d i n t h e hi g h e st bi n. A s f o r t h e o n e- di m e n si o n al
( 1 D) diff e r e nti al m e a s u r e m e nt s t h e si g n al m o d el i s c o n st r u ct e d f oll o wi n g E q. ( 1 3), w h e r e j r u n s
o v e r all p

γ
T a n d |φ f | bi n s.

C o n st r ai nt s o n C 3 W a r e d et e r mi n e d b y p a r a m et e ri zi n g t h e fi d u ci al c r o s s s e cti o n i n e a c h bi n
a c c o r di n g t o E q. ( 3). T a bl e 3 s h o w s t h e c o r r e s p o n di n g v al u e s of t h e σ i nt a n d σ B S M t e r m s, r el ati v e
t o σ S M .

T a bl e 3: Fi d u ci al c r o s s s e cti o n s c ali n g t e r m s a s a f u n cti o n of C 3 W i n all p
γ
T ×| φ f | bi n s. V al u e s a r e

gi v e n r el ati v e t o t h e S M p r e di cti o n: µ i nt = σ i nt/ σ S M a n d µ B S M = σ B S M / σ S M .

p
γ
T bi n ( G e V)

0 ≤ | φ f | < π / 6 π / 6 ≤ | φ f | < π / 3 π / 3 ≤ | φ f | < π / 2

µ i nt µ B S M µ i nt µ B S M µ i nt µ B S M

1 5 0 – 2 0 0 − 0. 1 9 0. 5 2 0. 0 3 0. 5 0 0. 2 3 0. 4 4
2 0 0 – 3 0 0 − 0. 3 8 2. 5 0. 0 2 2. 1 0. 4 3 1. 9
3 0 0 – 5 0 0 − 0. 9 5 1 0. 7 0. 0 6 1 0. 3 1. 0 1 1. 0
5 0 0 – 8 0 0 − 2. 2 8 3. 0 0. 0 7 8 2. 5 2. 4 8 1. 6
8 0 0 – 1 5 0 0 − 4. 9 6 8 8. 5 0. 0 2 6 5 1. 7 4. 9 6 4 6. 2

Fi g u r e 1 1 s h o w s t h e e x p e ct e d a n d o b s e r v e d di st ri b uti o n s, s u m m e d o v e r t h e el e ct r o n a n d m u o n
c h a n n el s, b ef o r e t h e m a xi m u m li k eli h o o d fit i s p e rf o r m e d. T h e c h a n g e i n t h e e x p e ct e d di st ri-



2 2

b uti o n w h e n C 3 W i s s et t o eit h e r − 0. 2 o r 0. 2 Te V − 2 i s al s o s h o w n, c o n si d e ri n g o nl y t h e S M a n d
i nt e rf e r e n c e t e r m s i n E q. ( 3).

4−1 0

3−1 0

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

< 
Ev

e
nt

s 
/ 

G
e

V 
>

D at a
γ)νW(l

γN o n pr o m pt/ mi si d. 
N o n pr o m pt/ mi si d. l

γtt
)γ →*( e e) ( e γZ/

γ*(ll)γZ/
γSi n gl e-t + 

γV V
St at. + S y st. U n c ert ai nt y

- 2
 = 0. 2 T e V

3 W
C

- 2
 = - 0. 2 T e V

3 W
C

C M S
γ)ν±(l±W 6

π| < 
f

φ |≤0 

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0

0. 5

1

1. 5

D
at

a/
Ex

p.

D at a
γ)νW(l

γN o n pr o m pt/ mi si d. 
N o n pr o m pt/ mi si d. l

γtt
)γ →*( e e) ( e γZ/

γ*(ll)γZ/
γSi n gl e-t + 

γV V
St at. + S y st. U n c ert ai nt y

- 2
 = 0. 2 T e V

3 W
C

- 2
 = - 0. 2 T e V

3 W
C

3
π| < 

f
φ |≤ 

6
π

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0

D at a
γ)νW(l

γN o n pr o m pt/ mi si d. 
N o n pr o m pt/ mi si d. l

γtt
)γ →*( e e) ( e γZ/

γ*(ll)γZ/
γSi n gl e-t + 

γV V
St at. + S y st. U n c ert ai nt y

- 2
 = 0. 2 T e V

3 W
C

- 2
 = - 0. 2 T e V

3 W
C

 ( 1 3 T e V)
- 1

1 3 8 f b

2
π| < 

f
φ |≤ 

3
π

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0

 ( G e V)γ

T
p

Fi g u r e 1 1: T h e e x p e ct e d a n d o b s e r v e d p
γ
T di st ri b uti o n i n e a c h |φ f | r e gi o n b ef o r e t h e m a xi m u m

li k eli h o o d fit i s p e rf o r m e d. T h e h o ri z o nt al a n d v e rti c al b a r s a s s o ci at e d t o t h e d at a p oi nt s c o r-
r e s p o n d t o t h e bi n wi dt h s a n d st ati sti c al u n c e rt ai nti e s, r e s p e cti v el y. T h e s h a d e d u n c e rt ai nt y
b a n d i n c o r p o r at e s all st ati sti c al a n d s y st e m ati c u n c e rt ai nti e s. T h e r e d a n d bl u e li n e s s h o w h o w
t h e t ot al e x p e ct ati o n c h a n g e s w h e n C 3 W i s s et t o − 0. 2 a n d 0. 2 Te V − 2 , r e s p e cti v el y. O nl y t h e S M
a n d i nt e rf e r e n c e t e r m s a r e i n cl u d e d i n t hi s e x a m pl e.

T h e 9 5 % c o n fi d e n c e l e v el ( C L) i nt e r v al s o n C 3 W a r e c al c ul at e d u si n g t h e a s y m pt oti c p r o p e rti e s
of t h e p r o fil e li k eli h o o d r ati o of E q. ( 1 0). Fi g u r e 1 2 s h o w s s c a n s of t hi s r ati o a s a f u n cti o n of
C 3 W . T h e i nt e r v al s a r e [− 0. 0 6 2, 0. 0 5 2 ] Te V − 2 wit h t h e i n cl u si o n of t h e p u r e B S M t e r m i n E q. ( 3)
a n d [− 0. 3 8, 0. 1 7 ] Te V − 2 wit h o nl y t h e S M a n d i nt e rf e r e n c e t e r m s. T h e o b s e r v ati o n i s t h e r ef o r e
c o m p ati bl e wit h t h e S M p r e di cti o n of C 3 W = 0. C o n st r ai nt s a r e al s o d et e r mi n e d a s a f u n cti o n
of t h e m a xi m u m p

γ
T bi n t h at i s i n cl u d e d i n t h e fit, s h o w n i n Fi g. 1 3 (l eft) a n d T a bl e 4. S u c h a

p r e s e nt ati o n i s u s ef ul f o r i nt e r p r et ati o n s w h e r e t h e hi g h e st bi n s m a y b e b e y o n d t h e v ali dit y of
t h e E F T o r s p e ci fi c B S M m o d el b ei n g t e st e d [ 8 2]. T h e s e c o n st r ai nt s a r e al s o d et e r mi n e d wit h
a n d wit h o ut t h e i n cl u si o n of t h e p u r e B S M t e r m. T hi s s h o w s t h at wit h t h e c u r r e nt a m o u nt of
d at a t h e p u r e B S M t e r m d o mi n at e s f o r all v al u e s of t h e c ut off. H o w e v e r, t h e s e n siti vit y t o t h e
i nt e rf e r e n c e t e r m i s c o m p a r a bl e at l o w e r v al u e s of p

γ
T .

T a bl e 4: B e st fit v al u e s of C 3 W a n d c o r r e s p o n di n g 9 5 % C L c o n fi d e n c e i nt e r v al s a s a f u n cti o n of
t h e m a xi m u m p

γ
T bi n i n cl u d e d i n t h e fit.

p
γ
T c ut off ( G eV)  B e st fit C 3 W ( Te V− 2 )  O b s e r v e d 9 5 % C L ( Te V− 2 )  E x p e ct e d 9 5 % C L ( Te V− 2 )

S M +i nt. o nl y S M +i nt. + B S M S M +i nt. o nl y S M +i nt. + B S M S M +i nt. o nl y S M +i nt. + B S M

2 0 0 − 0. 8 6 − 0. 2 4 [− 2. 0 1, 0. 3 8 ] [− 0. 7 6, 0. 4 0 ] [− 1. 1 6, 1. 2 7 ] [− 0. 8 1, 0. 7 1 ]
3 0 0 − 0. 2 5 − 0. 1 7 [− 0. 8 1, 0. 3 4 ] [− 0. 3 9, 0. 2 8 ] [− 0. 5 6, 0. 6 0 ] [− 0. 3 3, 0. 3 3 ]
5 0 0 − 0. 1 3 − 0. 0 2 5 [− 0. 5 0, 0. 2 5 ] [− 0. 1 5, 0. 1 2 ] [− 0. 3 5, 0. 3 8 ] [− 0. 1 7, 0. 1 6 ]
8 0 0 − 0. 2 0 − 0. 0 3 3 [− 0. 4 9, 0. 1 1 ] [− 0. 1 0, 0. 0 8 ] [− 0. 2 9, 0. 3 1 ] [− 0. 0 9 7, 0. 0 9 5 ]
1 5 0 0 − 0. 1 3 − 0. 0 0 9 [− 0. 3 8, 0. 1 7 ] [− 0. 0 6 2, 0. 0 5 2 ] [− 0. 2 7, 0. 2 9 ] [− 0. 0 6 6, 0. 0 6 5 ]

T h e c o n st r ai nt i n cl u di n g t h e p u r e B S M t e r m i s si mil a r i n v al u e t o t h at of R ef. [ 6], aft e r a c c o u nt-
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Fi g u r e 1 3: B e st- fit v al u e s of C 3 W a n d t h e c o r r e s p o n di n g 9 5 % C L c o n fi d e n c e i nt e r v al s a s a f u n c-
ti o n of t h e m a xi m u m p

γ
T bi n i n cl u d e d i n t h e fit (l eft). M e a s u r e m e nt s wit h a n d wit h o ut t h e

p u r e B S M t e r m a r e gi v e n b y t h e bl a c k a n d r e d li n e s, r e s p e cti v el y. T h e li mit s wit h o ut t h e p u r e
B S M t e r m gi v e n wit h a n d wit h o ut t h e bi n ni n g i n |φ f | a r e al s o s h o w n ( ri g ht), wit h bl a c k a n d
bl u e li n e s, r e s p e cti v el y. Pl e a s e n ot e t h e diff e r e nt v e rti c al s c al e s; t h e bl a c k li n e s i n b ot h fi g u r e s
c o r r e s p o n d t o t h e s a m e li mit s.
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ing for a difference in the normalization of C3W due to the use of an alternative EFT basis.
However, the main feature of this result is the ability to constrain C3W when only the interfer-
ence term is considered. To demonstrate this, the constraints are also determined without the
binning in jf f j applied. The same set of pg

T bins are used, but the three bins in jf f j are replaced
by a single bin integrating over the full jf f j range. The result is shown in Fig. 13 (right), with-
out the inclusion of the pure BSM term. This demonstrates the significant improvement, by up
to a factor of ten, that the jf f j binning gives to this constraint.

The interference-only confidence intervals on C3W can be compared with measurements of
other processes that are sensitive to the O3W operator. An ATLAS measurement of WW pro-
duction [83], in which the coefficient is denoted cW , uses an alternative technique to improve
sensitivity to the interference. The presence of an additional high-pT jet is required, which par-
tially mitigates the helicity suppression effect [13], and gives an interference-only sensitivity
that is around a factor of eight lower. The ATLAS measurement of electroweak Z boson pro-
duction in association with two jets [84] gives comparable sensitivity to our result. It exploits
the distribution of the azimuthal angle between the jets, which is sensitive to the interference
contribution.

The response matrix Rij for the 2D differential cross section measurement of pg
T and jf f j is

shown in Fig. 14. Although the migration between pg
T bins is small, the migration between jf f j

bins is larger, owing both to the limited pmiss
T resolution and the fundamental limitations of the

method used to reconstruct the neutrino four-momentum via the mW pole mass constraint.

The resulting cross section measurements are shown in Fig. 15. The measured values are com-
pared with the prediction from the NLO MG5 aMC+PY8 simulation. The correlation matrix is
presented in Fig. 16. Unlike the 1D pg

T cross section, the correlations between different pg
T bins

are relatively small, since these measurements at high pg
T are much more dominated by the sta-

tistical uncertainties. For a given pg
T bin the (anti-)correlation between jf f j bins is larger, owing

to the migration in the response matrix discussed previously.

10 Summary
This paper has presented an analysis of W�g production in

p
s = 13 TeV proton-proton colli-

sions using data recorded with the CMS detector at the LHC, corresponding to an integrated
luminosity of 138 fb�1. Differential cross sections have been measured for several observables
and compared with standard model (SM) predictions computed at next-to-leading and next-
to-next-to-leading orders in perturbative quantum chromodynamics. The radiation amplitude
zero effect, caused by interference between W�g production diagrams, has been studied via a
measurement of the pseudorapidity difference between the lepton and the photon.

Constraints on the presence of TeV-scale new physics affecting the WWg vertex have been
determined using an effective field theory framework. Confidence intervals on the Wilson co-
efficient C3W , determined at the 95% confidence level, are [�0.062, 0.052]TeV�2 with the inclu-
sion of the interference and pure beyond the SM contributions, and [�0.38, 0.17]TeV�2 when
only the interference is considered. A novel two-dimensional approach is used with the si-
multaneous measurement of the photon transverse momentum and the azimuthal angle of the
charged lepton in a special reference frame. With this method, the sensitivity to the interference
between the SM and the O3W operator is enhanced by up to a factor of ten compared to a mea-
surement using the transverse momentum alone. This improves the validity of the result, as the
dependence on the missing higher-order contributions in the EFT expansion is reduced. The
technique will also be valuable in the future when sufficiently small values of C3W are probed
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T ×| φ f | c r o s s s e cti o n m e a s u r e m e nt. T h e e nt r y
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such that the interference contribution will be dominant.
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[13] A. Azatov, J. Elias-Miró, Y. Reyimuaji, and E. Venturini, “Novel measurements of
anomalous triple gauge couplings for the LHC”, JHEP 10 (2017) 027,
doi:10.1007/JHEP10(2017)027, arXiv:1707.08060.

[14] S. Weinberg, “Baryon- and lepton-nonconserving processes”, Phys. Rev. Lett. 43 (1979)
1566, doi:10.1103/PhysRevLett.43.1566.

[15] D. Liu, A. Pomarol, R. Rattazzi, and F. Riva, “Patterns of strong coupling for LHC
searches”, JHEP 11 (2016) 141, doi:10.1007/JHEP11(2016)141,
arXiv:1603.03064.

[16] D. Marzocca et al., “BSM benchmarks for effective field theories in Higgs and
electroweak physics”, 2020. arXiv:2009.01249.
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D. Krücker , W. Lange, J. Lidrych , K. Lipka, W. Lohmann23, R. Mankel, I.-A. Melzer-
Pellmann , J. Metwally, A.B. Meyer , M. Meyer , J. Mnich , A. Mussgiller, Y. Otarid,
D. Pérez Adán , D. Pitzl, A. Raspereza, B. Ribeiro Lopes, J. Rübenach, A. Saggio ,
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S. Buontempoa , F. Carnevalia,b, N. Cavalloa,c , A. De Iorioa,b , F. Fabozzia,c ,
A.O.M. Iorioa,b , L. Listaa,b , S. Meolaa,d,19 , P. Paoluccia,19 , B. Rossia , C. Sciaccaa,b

INFN Sezione di Padova a, Padova, Italy, Università di Padova b, Padova, Italy, Università
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Universidad Autónoma de Madrid, Madrid, Spain
J.F. de Trocóniz, R. Reyes-Almanza

Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologı́as Espaciales de As-
turias (ICTEA), Oviedo, Spain
B. Alvarez Gonzalez , J. Cuevas , C. Erice , J. Fernandez Menendez , S. Folgueras ,
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41: Now at INFN Sezione di Bari, Università di Bari, Politecnico di Bari, Bari, Italy
42: Also at Italian National Agency for New Technologies, Energy and Sustainable Eco-
nomic Development, Bologna, Italy
43: Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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