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Multiboson Measurements – Motivation I
● Multiboson physics probes the nature of Electroweak Symmetry Breaking
● Wide range of processes: diboson, triboson, vector boson scattering
● Portal to BSM physics through interpretations: EFT, resonant searches
● Encompasses a broad range of measurements and searches
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1 Introduction

Cubic and quartic self-interactions of the electroweak gauge bosons are present in the Stan-

dard Model (SM) due to the underlying non-abelian gauge symmetry, and are completely

fixed by the gauge couplings, namely, the electromagnetic coupling constant e and the

weak mixing angle s✓ ⌘ sin ✓W . This, however, is not the case in a general Beyond the

Standard Model (BSM) scenario. Therefore, processes that are sensitive to gauge boson

self-interactions are important tools used to search for nonstandard e↵ects.

In this work we focus on general BSM contributions to the cubic electroweak gauge

bosons interactions, employing the linear E↵ective Field Theory (EFT) framework, also

known as the Standard Model E↵ective Field Theory (SMEFT). In this model-independent

approach, the SM (with the Higgs embedded in an SU(2)L doublet) is extended by non-

renormalizable gauge-invariant operators with canonical dimensions D > 4 which encode

the e↵ects of some new physics with a mass scale ⇤ much larger than the electroweak scale.

The BSM e↵ects are thus organized as an expansion in 1/⇤, and the leading lepton-number-

conserving terms are O(⇤�2) generated by D = 6 operators in the SMEFT Lagrangian:
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Anomalous Gauge Couplings at LHC
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Background:

I tt̄!WbWb, � ⇡ 52 pb
I Single t, misrec. jet: � ⇡ 4.8 pb
I QCD: � ⇡ 0.21 pb
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A wealth of measurements …

ATLAS summary multiboson measurements (10/23) – Also available from CMS (11/23)
3

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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Related Presentations This Week
Friday, June 7, 2024
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RUN2 RESULTS (13 TeV)
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CMS ZZ+jets @ 13 TeV [138 fb-1]
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● Differential distributions & normalised differential cross-sections
● Fully leptonic final state (e, μ), unfolding w/ iterative D’Agostini
● 40 < mZ1 < 120 GeV, 4 < mZ1 < 120 GeV; On-shell req.: 60 < mZ1,Z2 < 120 GeV
● Discrepancy in 1 jet bin
● Discrepancy in N >= 3 jets due to need for NNLO and higher order corrections

arXiv:2404.02711, submitted JHEP

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-001/index.html
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CMS ZZ+jets @ 13 TeV [138 fb-1]
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● Better Njet description 
with nNNLO+PS

● Better description of 
m4l with EW-corrected 
nNNLO+PS, but 
negligible effect on 
other distributions

arXiv:2404.02711, submitted JHEP

60 < mZ1,Z2 < 120 GeV

nNNLO+PS: 
NNLO qq w/ MiNNLOPS + NLO ggF

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-001/index.html
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ATLAS high-pT
Z WZ @ 13 TeV [140 fb-1]

8

● Study of polarisation states sensitive to 
Electroweak Symmetry Breaking

● BDT (7 variables) trained to measure polarisation 
tractions fWZ: f00, f0T+T0 & fTT

● Fractions measured in high pT
Z and low pT

WZ

yields 20-30% enhancement of f00
● 5.2σ (4.3σ) obs. (exp.) for 100 < pT

Z < 200 GeV
○ 1.6σ (2.5σ) obs. (exp.) for pT

Z > 200 GeV

arXiv:2402.16365, submitted to Phys. Rev. Lett.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
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ATLAS high-pT
Z WZ @ 13 TeV [140 fb-1]
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● Radiation Amplitude Zero Effect: drop at 0 in ΔY(WZ) and ΔY(lWZ) for TT events
○ Scattering angle of the W in the WZ frame ~90° w.r.t. incoming antiquark

● First observation of RAZ effect in WZ production (previously seen in Wγ by CMS)
○ Challenges due to longitudinally-polarised W and NLO QCD corrections 

diluting effect (hadronic activity reduced by pT
WZ requirement)

arXiv:2402.16365, submitted to Phys. Rev. Lett.

TT events
(rest subtracted)

D = 1� 2⇥
✓

N(|�Y (WZ)| < 0.5)

N(0.5 < |�Y (`WZ)| < 1.5)

◆

1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
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Vector Boson Scattering

10

See talk by P. Govoni, June 7

A light Higgs boson prevents cross-
section of VBS processes from 
becoming unphysical (diverging)

VBS measurements test the 
consistency of the SM and is 
sensitive to New Physics

…

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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Denner, Hahn, Nucl.Phys.B525:27-50,1998

Introduction Theory Predictions Selection MC based Backgrounds Non-Prompt Charge MisID Systematics Fitting and cross section Summary and Open Items Summary

Motivation for this analysis

Motivation:
Gauge boson scattering includes
triple, quartic, and Higgs couplings

) Probe electroweak gauge theory in SM

Coupling to Higgs restores unitarity

) May give complementary insight in EWSB
wrt direct Higgs measurements

VBS channel with highest EW/QCD cross
section ratio

Previous Results:
ATLAS, 8 TeV: Evidence with 3.6 � (2.3 �)
observed (expected) [CERN-EP-2016-167]

CMS, 13 TeV: Observation with
5.5 � (5.7 �) observed (expected)
[CMS-PAS-SMP-17-004]
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Complementary probe to direct Higgs measurements

Triple Gauge 
Couplings

Quartic Gauge 
Couplings

Higgs 
exchange

Gauge structure of SM EWSB

https://indico.cern.ch/event/1253590/contributions/5843984/
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ATLAS Wγjj VBS @ 13 TeV [140 fb-1]
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● Observation of EW Wγjj with 6.3σ
● NN (13 variables) to enhance EW Wγjj (inclusive)

to the beam axis. In addition, to reject events that have topologies consistent with leptonic / decays,
where one lepton is reconstructed as a photon, the invariant mass of the lepton and the photon must satisfy
|<;W � </ | > 10 GeV. To further remove events containing two prompt leptons consistent with a / boson
or two , bosons, events are rejected if a second lepton satisfying the following requirements is present:
?T > 7 GeV, the lepton-specific pseudorapidity requirements, both track impact parameter requirements,
and loose identification [34, 35]. Finally, the two leading jets must have a rapidity difference |�H 9 9 | > 2
and invariant mass < 9 9 > 500 GeV, which ensures a topology consistent with EW ,W 9 9 production.

The preceding selection criteria comprise the baseline selection. Baseline selected events are further
divided into different signal and control regions, which differ depending on the purpose. The selection for
the fiducial cross-section measurement of EW ,W 9 9 production divides the baseline region into a signal
region, SRfid, and a control region, CRfid, by counting jets in the rapidity interval between the two leading
jets, #gap

jets . SRfid is defined by #
gap
jets = 0 and CRfid is defined by #

gap
jets > 0. For the differential cross-section

measurement, it is additionally required that events have < 9 9 > 1 TeV to enhance the EW ,W 9 9 signal
purity; these events are then divided into three control regions (CRA, CRB, and CRC) and one signal region
(SR). The centrality of the lepton-photon system relative to the VBS tagged jets, 91 and 92, is defined
as b;W = | (H;W � (H 91+H 92 )

2 )/(H 91 � H 92) | and is used to form three control regions (CRA, CRB, and CRC)
and one signal region (SR), where H;W is the rapidity of the lepton-photon system. The SR is defined by
requiring that there must be little hadronic activity in the region between the two leading jets and that the
reconstructed ;W system is produced centrally (#gap

jets = 0, b;W < 0.35). The remaining three regions are
control regions with small EW ,W 9 9 contribution, and are used to constrain the dominant background
from strong ,W 9 9 production: CRA (#gap

jets > 0, b;W < 0.35), CRB (#gap
jets > 0, 0.35 < b;W < 1), and CRC

( #gap
jets = 0, 0.35 < b;W < 1). The signal and control regions for these two selections are summarised in

Table 1.

Table 1: Summary table for signal and control regions for the fiducial and differential cross-section measurements.

Fiducial cross-section SRfid CRfid

#
gap
jets = 0 #

gap
jets > 0

Differential cross-section SR CRA CRB CRC

< 9 9 > 1 TeV #
gap
jets = 0 #

gap
jets > 0 #

gap
jets > 0 #

gap
jets = 0

b;W < 0.35 b;W < 0.35 0.35 < b;W < 1 0.35 < b;W < 1

Table 2 shows the number of signal and background events in SRfid and CRfid, after computing the
data-driven backgrounds, as described in Section 5. The strong,W 9 9 process accounts for 63% of the event
yield in CRfid and 52% in the SRfid. The remaining prompt backgrounds, including top quark processes
and EW and strong /W 9 9 processes, contribute 11% in CRfid and 8% in SRfid, while the non-prompt
background fraction is 22% in CRfid and 23% in SRfid.

8

arXiv:2403.02809, submitted to EPJC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
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ATLAS Wγjj VBS @ 13 TeV [140 fb-1]
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● Particle-level fiducial and differential cross-sections as a function of mjj, pT
jj,

Δɸjj, pT
l, mlγ and Δɸlγ corrected for detector effects (efficiency and resolution)

arXiv:2403.02809, submitted to EPJC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
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ATLAS Wγjj VBS @ 13 TeV [140 fb-1]
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● EFT Interpretation
○ Pure dim-8 terms have higher impact than interference

10 EFT interpretation

The differential cross-section measurements presented in Section 9 are used to constrain dimension-8 (D-8)
operators [2]. These operators are implemented in the Eboli model including twenty independent, charge-
conjugation and parity conserving D-8 operators that can change the QGC. The measured distributions for
the six observables are sensitive to sixteen D-8 operators and the most stringent limits from interpretations
of these distributions are reported.

The effective Lagrangian, Leff , including aQGC interactions represented by the higher dimension operators
and the corresponding Wilson coefficients, is given by:

Leff = LSM +
’
9

5
(8)
9

⇤4 $
(8)
9
, (5)

where LSM is the SM Lagrangian, $ (8)
8

correspond to D-8 operators with dimensionless couplings 5
(8)
9

(Wilson coefficients), and ⇤ is the energy scale of new physics. The D-8 operators are the lowest-order
operators that can change QGCs without affecting the triple gauge couplings2. These D-8 operators can be
classified into two groups: mixed-scalar operators ($"0,1,2,3,4,5,7), consisting of two covariant derivatives
of the Higgs field and two field strength tensors, and tensor-type operators, consisting of four field strength
tensors ($)0,1,2,3,4,5,6,7).

Theoretical predictions for the EW ,W 9 9 process are constructed based on the effective Lagrangian in
Equation 5. The amplitude for the EW ,W 9 9 process, M, consists of the SM contribution, MSM, and the
pure D-8 part including the aQGC interactions, MD�8.

The differential cross-section can be decomposed into the following three terms:

|M|2 = |MSM |2 + 2'4(M⇤
SMMD�8) + |MD�8 |2, (6)

where the pure SM term is |MSM |2, |MD�8 |2 is the pure D-8 term that scales quadratically with 5
(8)
9

, and
the interference term between the SM and D-8 amplitudes is 2'4(M⇤

SMMD�8), which scales linearly with
5
(8)
9

. It was found that the pure D-8 term affects the differential cross-section measurements significantly
more than the interference term. The pure SM part in Equation 6 is taken to be the prediction from
M��G����5+P�����8, described in Section 3. The D-8 and interference terms are generated at LO using
M��G����5+P�����8, with the same PDF and parameter tunes for modelling as the SM terms.

Limits on the D-8 operator coefficients are determined using test statistics based on the profile likelihood
ratio. The profile likelihood ratio is constructed in terms of the measured cross-section as functions of
each of the six observables and the corresponding theoretical prediction parameterised in terms of Wilson
coefficients. The profile-likelihood test statistics, which are assumed to follow a j

2 distribution with one
degree of freedom according to Wilks’ theorem [61], allows the evaluation of each Wilson coefficient at 95%
confidence level (CL). The expected 95% coverage is further validated using 1000 pseudo experiments.

The most stringent expected limit on each coefficient is obtained from either the ?
9 9

)
or ?;T distribution.

Observed and expected limits on the Wilson coefficients at 95% CL are presented in Table 5 and Table 6
with or without unitarity preservation by introducing the clipping technique described in Ref. [62].
2 Triple gauge couplings are represented by dimension-6 operators that affect both strong and EW production of VBS processes.

These are strongly constrained by vector boson fusion processes.
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arXiv:2403.02809, submitted to EPJC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
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ATLAS WZjj VBS @ 13 TeV [140 fb-1]
● Simultaneous extraction of EW and strong WZjj

○ In Njet = 2 and ≥ 3 & mjj in [500, 1300, 2000]
● Enhanced sensitivity using BDT discriminant
● Adverserial NN to separate EW and QCD w/o mjj bias

14

arXiv:2403.15296, submitted to JHEP

D = 1� 2⇥
✓

N(|�Y (WZ)| < 0.5)

N(0.5 < |�Y (`WZ)| < 1.5)

◆

�WZjj�EW

Measured 0.368± 0.037 (stat.)± 0.059 (syst.)± 0.003 (lumi.) fb
MadGraph+Pythia8 0.370± 0.001 (stat.)± 0.006 (PDF)+0.030

�0.026 (scale) fb

�WZjj�strong

Measured 1.093± 0.066 (stat.)± 0.131 (syst.)± 0.009 (lumi.) fb
MadGraph+Pythia8 1.537± 0.009 (stat.)± 0.016 (PDF)+0.087

�0.149 (scale) fb

1

0.7 factor between data and MG
- within 1.8σ given unc. on MG

Also observed in W±W±jj and previous 
WZjj and WZ measurements by ATLAS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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ATLAS WZjj VBS @ 13 TeV [140 fb-1]
● Simultaneous extraction of 

EW and strong WZjj

15

arXiv:2403.15296, submitted to JHEP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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ATLAS WZjj VBS @ 13 TeV [140 fb-1]
● Differential cross-sections and EFT interpretation
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10 Limits on anomalous quartic gauge couplings

The ,/ 9 9�EW production can be sensitive to effects beyond the SM affecting the quartic interactions
of weak bosons. The measured ,

±
/ 9 9 events are therefore used to search for anomalous quartic gauge

couplings (aQGC) using an EFT framework [2, 65]. In this model the SM Lagrangian LSM is extended in
an effective Lagrangian Leff adding higher order operators and their respective Wilson coefficients as:

Leff = LSM +
’
8

5
(6)
8

⇤2
8

$
(6)
8

+
’
9

5
(8)
8

⇤4
8

$
(8)
9

+ . . . , (4)

where $
(6) , (8)
8, 9

are dimension-6 and dimension-8 operators, respectively, and involve SM fields with
respective dimensionless couplings 5

(6)
8

and 5
(8)
9

, and ⇤ is the energy scale of the new processes. In this
study only dimension-8 operators are considered and all dimension-6 couplings, affecting triple gauge
boson couplings, are assumed to be equal to zero. Dimension-6 couplings are indeed already constrained
by other processes, and especially by inclusive diboson production [66, 67]. The effect of dimension-6
operators in VBS processes is of interest on its own [68, 69], but is not studied here. Nine independent
charge-conjugate and parity conserving dimension-8 operators are considered [2]. The $S0, 1, 2 operators
are constructed from the covariant derivative of the Higgs doublet. The $T0, 1, 2 operators are constructed
from the SUL(2) gauge fields. The mixed operators $M0, 1, 7 involve the SUL(2) gauge fields and the
Higgs doublet. Because the operators $S0 and $S2 are Hermitian conjugates of each other, they are varied
simultaneously, with equal coefficient values 5S0 = 5S2 = 5S02.

The squared scattering amplitude of the effective field theory prediction for ,±
/ 9 9 production can be

written as:

������SM +
’
8

28�8

�����
2

= |�SM |2 +
’
8

28 2 Re(�⇤
SM�8) +

’
8

2
2
8
|�8 |2 +

’
8 9 ,8< 9

282 9 2 Re(�8�
⇤
9
) , (5)

where 28 = 5
(8)
9

/⇤4, �SM is the SM scattering amplitude,
Õ

8
28 2 Re(�⇤

SM�8) is the amplitude of the
interference term between the SM and the dimension-8 operators,

Õ
8
28

2 |�8 |2 is the pure dimension-8 con-
tribution, and

Õ
8 9 ,8< 9

282 92 Re(�8�
⇤
9
) is the amplitude of interferences between two dimension-8 operators,

called cross terms. The different terms are simulated separately using M��G����5_�MC@NLO 2.6.5
interfaced with P����� 8.240, providing individual MC samples. The same PDF sets and PS modelling
as for ,±

/ 9 9 SM events and detailed in Section 4 are used. Generated events corresponding to a given
value of the EFT coefficient 28 , or 28 and 2 9 for cross terms, are obtained by multiplying the respective MC
samples by the coefficient value and adding them together.

As non-zero aQGC contributions will enhance the production cross-section of ,/ 9 9�EW events at large
diboson invariant masses, a two-dimensional combination of the BDT score, separating ,/ 9 9�EW from
,/ 9 9�QCD events, and <

,/

T observables is used to look for dimension-8 EFT contributions. Four bins
in BDT score ([�1,�0.25, 0.17, 0.72, 1]) and five bins in <

,/

T ([0, 400, 750, 1050, 1350,1] GeV) are
used and arranged in a one-dimensional histogram of 20 statistically independent bins, as represented
in Figure 11. The bin boundaries are optimised to obtain the best expected limits when no unitarisation
cut-off are applied. The distribution is used to define an extended likelihood function, adding the same
control regions as defined in Section 7.1. Experimental and theory uncertainties, as discussed in section 8,
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charge-conjugate and parity conserving dimension-8 operators are considered [2]. The $S0, 1, 2 operators
are constructed from the covariant derivative of the Higgs doublet. The $T0, 1, 2 operators are constructed
from the SUL(2) gauge fields. The mixed operators $M0, 1, 7 involve the SUL(2) gauge fields and the
Higgs doublet. Because the operators $S0 and $S2 are Hermitian conjugates of each other, they are varied
simultaneously, with equal coefficient values 5S0 = 5S2 = 5S02.

The squared scattering amplitude of the effective field theory prediction for ,±
/ 9 9 production can be

written as:

������SM +
’
8

28�8

�����
2

= |�SM |2 +
’
8

28 2 Re(�⇤
SM�8) +

’
8

2
2
8
|�8 |2 +

’
8 9 ,8< 9

282 9 2 Re(�8�
⇤
9
) , (5)

where 28 = 5
(8)
9

/⇤4, �SM is the SM scattering amplitude,
Õ

8
28 2 Re(�⇤

SM�8) is the amplitude of the
interference term between the SM and the dimension-8 operators,

Õ
8
28

2 |�8 |2 is the pure dimension-8 con-
tribution, and

Õ
8 9 ,8< 9

282 92 Re(�8�
⇤
9
) is the amplitude of interferences between two dimension-8 operators,

called cross terms. The different terms are simulated separately using M��G����5_�MC@NLO 2.6.5
interfaced with P����� 8.240, providing individual MC samples. The same PDF sets and PS modelling
as for ,±

/ 9 9 SM events and detailed in Section 4 are used. Generated events corresponding to a given
value of the EFT coefficient 28 , or 28 and 2 9 for cross terms, are obtained by multiplying the respective MC
samples by the coefficient value and adding them together.

As non-zero aQGC contributions will enhance the production cross-section of ,/ 9 9�EW events at large
diboson invariant masses, a two-dimensional combination of the BDT score, separating ,/ 9 9�EW from
,/ 9 9�QCD events, and <

,/

T observables is used to look for dimension-8 EFT contributions. Four bins
in BDT score ([�1,�0.25, 0.17, 0.72, 1]) and five bins in <

,/

T ([0, 400, 750, 1050, 1350,1] GeV) are
used and arranged in a one-dimensional histogram of 20 statistically independent bins, as represented
in Figure 11. The bin boundaries are optimised to obtain the best expected limits when no unitarisation
cut-off are applied. The distribution is used to define an extended likelihood function, adding the same
control regions as defined in Section 7.1. Experimental and theory uncertainties, as discussed in section 8,
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● Observation of EW W±W∓jj
○ 7.1σ (6.2σ) obs. (exp.) in 2&3 jets

● 2 NNs trained to separate signal from top and QCD WWjj

ATLAS OS WWjj VBS @ 13 TeV [138 fb-1]
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N(0.5 < |�Y (`WZ)| < 1.5)

◆

�WZjj�EW

Measured 0.368± 0.037 (stat.)± 0.059 (syst.)± 0.003 (lumi.) fb
MadGraph+Pythia8 0.370± 0.001 (stat.)± 0.006 (PDF)+0.030

�0.026 (scale) fb

�WZjj�strong

Measured 1.093± 0.066 (stat.)± 0.131 (syst.)± 0.009 (lumi.) fb
MadGraph+Pythia8 1.537± 0.009 (stat.)± 0.016 (PDF)+0.087

�0.149 (scale) fb

�OBS = 2.65+0.49
�0.46 fb

�POWHEG = 2.20+0.14
�0.13 fb
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● Integrated EW and total W±W±jj fiducial 
cross-sections (most precise to date)

ATLAS (SS) W±W±jj VBS @ 13 TeV [139 fb-1]
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● Differential measurement with binned signal strength
● EFT dim-8 & GM H±± interpretations

ATLAS (SS) W±W±jj VBS @ 13 TeV [139 fb-1]
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CMS (SS) W±W±jj VBS with τh @ 13 TeV [138 fb-1]
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● First study of VBS with a τ lepton decaying hadronically
○ μEW = 1.44 +0.63 - 0.56, i.e. 2.7σ (1.9σ) obs. (exp.)

● DNN (9 variables) trained to separate signal from background

CMS-PAS-SMP-22-008 
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CMS (SS) W±W±jj VBS with τh @ 13 TeV [138 fb-1]
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● Simultaneous extraction of dim-6 and dim-8 EFT operators
○ Dim-6: linear, BSM and mixed contributions
○ Dim-8: linear and BSM contributions

CMS-PAS-SMP-22-008 
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CMS WWγ @ 13 TeV [138 fb-1]
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● Observation of WWγ: 5.6σ (4.7σ) obs. (exp.) & search for Hγ
○ Hγ fit on ∆Rll [0.5, 1.8, 2.0, 2.3) and mT

WW [0, 10, 40, 70, 110, ∞) [initiated by light quarks]

arXiv:2310.05164, Phys. Rev. Lett. 132 (2024) 121901

5

two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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simulated using MADGRAPH5 aMC@NLO or POWHEG v2.0 [43–48] at NLO in QCD interfaced
with PYTHIA8 for hadronization and fragmentation in a manner similar to that for the WWg
signal sample. The background due to events containing nonprompt leptons and photons, in-
cluding those from instrumental mismeasurements and genuine leptons or photons within jets,
is estimated from data using a method similar to that of Ref. [49–51]. The relative contribution
of events with well-isolated, high-quality leptons to less-isolated, lower-quality leptons is mea-
sured in a dijet control region (CR) in data as a function of the lepton |h| and pT, and corrected
for prompt leptons and prompt photon conversions based on simulated samples. A similar
procedure is applied for photons, based on a W+jets CR that excludes the signal region (SR).
In the nonprompt-photon case, a fit to the width of the photon ECAL shower is used to deter-
mine the nonprompt-photon fraction in the well-isolated, high-quality category, as described
in Ref. [52]. Based on the matching to the generator level, the two procedures are combined to
avoid double counting [49]. The SM contributions from other Higgs-related processes [53] are
negligible.

Experimentally, we select W+W�g ! e+neµ�nµ g and µ+nµe�neg events, which pass the
level-1 [54] and high-level [55] triggers that require an isolated muon and/or electron. We
require the isolated electron and muon to satisfy additional identification criteria [26, 27], a sin-
gle reconstructed photon [26] must be present in the event, and the p

miss
T must exceed 20 GeV.

The photon must satisfy high performance identification requirements that correspond to a
signal efficiency > 80% [26]. Off-line kinematic requirements on the selected objects, based on
the detector acceptance and the trigger thresholds, are p

g
T > 20 GeV, |hg | < 2.5, |he(µ)| < 2.5

(2.4) and p
e(µ)
T > 25 (20) GeV. To reduce backgrounds from WZg and relevant top quark pro-

cesses, events are rejected that contain at least one b jet or an additional muon or electron with
pT > 10 GeV passing looser criteria than those of the primary leptons. Moreover, it is required
that DR =

p
(Dh)2 + (Df)2 > 0.5, where Df and Dh are the spatial separations in the azimuthal

angle f and h between leptons and photon. We further suppress background contributions by
requiring the dilepton mass (m`` ) > 10 GeV, the transverse momentum (p

``
T ) > 15 GeV, and the

transverse mass, m
WW
T =

q
2p

``
T p

miss
T [1 � cos Df(~p``T ,~p miss

T )] > 10 GeV.

A CR with charged leptons of the same sign, SSWWg, is constructed to validate the nonprompt
lepton background modeling. Another Topg CR, dominated by events corresponding to top
quark production, is used to validate the modeling of both nonprompt-lepton and nonprompt-
photon backgrounds. These two CRs are included in the simultaneous maximum likelihood fit
to constrain the estimates of these process rates. The selection for the SSWWg CR is the same
as for the SR, except that the m

WW
T requirement is removed and the two leptons are required to

have the same sign. The definition of the Topg CR also follows closely that of the SR, except that
at least one b-tagged jet with pT > 20 GeV is required and the m

WW
T requirement is removed.

The observed distributions in the SR of the invariant mass of the dilepton-photon system (m``g )
and m

WW
T are compared with the expected distributions before the fit in Fig. 2. The experimen-

tal data agree with the prediction within the uncertainties.

Various sources of systematic uncertainty are included in the fit as nuisance parameters and
subject to log-normal constraints. Theoretical sources of systematic uncertainty include the
choice of the renormalization and factorization scales, PDFs, and parton shower modeling.
The two scales are varied by factors of 2 and 0.5 independently. The envelope of these varia-
tions, excluding the two extreme (2, 0.5) and (0.5, 2) cases, is assumed as the uncertainty. The
systematic uncertainty due to PDFs is calculated using the PDF4LHC15 nnlo 30 pdfas PDF
replicas, following the PDF4LHC group prescription [56–59]. Parton shower modeling uncer-
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-006/index.html
http://dx.doi.org/10.1103/PhysRevLett.132.121901
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● First measurement of W+W- at 13.6 TeV w/2022 data

● In good agreement w/ SM: 125.8 ± 3.7 pb (MATRIX v2.1.0)

CMS W+W- @ 13.6 TeV [34.8 fb-1]

24

10

in the WZ ! 3`n and ZZ ! 4` CRs after the fit to the data are shown in Fig. 1. The mea-
sured inclusive cross section based on the simultaneous fit of all event categories is stot =
125.7 ± 2.3 (stat) ± 4.8 (syst) ± 1.8 (lumi) pb = 125.7 ± 5.6 pb, which is consistent with the the-
oretical prediction within uncertainties. A summary of the inclusive fiducial cross section and
normalized cross sections obtained in the analysis is shown in Table 7. The normalized fiducial
cross section measurement as a function of NJ is shown in Fig. 2. The measurement is compared
to predictions with POWHEG +PYTHIA, NNLO QCD ⇥ NLO EW predictions using MATRIX cal-
culations [11, 57], and NNLO in QCD predictions using POWHEG MiNNLO [58, 59] v2 inter-
faced to PYTHIA. The measured fiducial cross sections agree with both theoretical predictions
within uncertainties.

Table 5: Data, signal and background yields combining all reconstructed jet bins. The combi-
nation of the statistical and systematic uncertainties is shown. The expected yields are shown
with their best fit normalizations from the simultaneous fit to data.

WW SR Same-sign CR Z ! tt CR One b-tag CR Two b-tag CR
WW 16220 ± 650 81.7 ± 9.5 2662 ± 94 2220 ± 180 248 ± 54
Top quark 19760 ± 480 87.3 ± 8.4 1126 ± 34 63340 ± 750 55610 ± 620
Z ! tt 2124 ± 72 57.0 ± 9.3 45630 ± 590 227 ± 27 19.6 ± 7.9
WZ 487 ± 21 512 ± 24 97.6 ± 4.9 96.9 ± 6.3 11.8 ± 1.7
ZZ 37.1 ± 1.7 33.6 ± 1.7 66.0 ± 3.9 6.9 ± 0.5 1.0 ± 0.1
Nonprompt 4860 ± 320 2390 ± 130 6550 ± 440 2630 ± 270 1640 ± 220
VVV 75.9 ± 3.7 25.8 ± 1.3 4.7 ± 0.4 33.7 ± 2.1 8.7 ± 0.8
tVx 10.7 ± 1.5 8.7 ± 2.7 0.7 ± 0.1 44.1 ± 3.2 52.1 ± 3.3
Vg 225 ± 18 232 ± 19 69.2 ± 7.6 43.2 ± 9.5 3.1 ± 0.9
Higgs 90 ± 14 27.5 ± 5.2 344 ± 52 29.3 ± 4.8 20.7 ± 3.2
Total 43890 ± 410 3460 ± 130 56550 ± 420 68670 ± 560 57610 ± 490
Data 43898 3456 56551 68656 57617

Table 6: Data, signal and background yields in events in the WZ and ZZ CRs. The combination
of the statistical and systematic uncertainties is shown. The expected yields are shown with
their best fit normalizations from the simultaneous fit to data.

WZ CR ZZ CR
WZ 3470 ± 130 0.9 ± 0.1
ZZ 270 ± 29 599 ± 25
Nonprompt 820 ± 120 < 1
VVV 60.4 ± 3.7 5.4 ± 0.3
tVx 25.7 ± 3.1 2.3 ± 0.2
Higgs 55.4 ± 8.8 2.5 ± 0.9
Vg 28.3 ± 3.1 < 1
Total 4732 ± 78 610 ± 25
Data 4732 610

8 Summary

First measurements of the WW production cross section in proton-proton collisions at
p

s =
13.6 TeV have been presented. The data used in this study were collected with the CMS detector
at the CERN LHC in 2022, and correspond to an integrated luminosity of 34.8 fb�1. Events were
selected by requiring one electron and one muon of opposite charge. A maximum likelihood

Analysis in 
eμ channel

CMS-PAS-SMP-24-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html
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CMS W+W- @ 13.6 TeV [34.8 fb-1]

25

● Comparison of normalised fiducial cross-sections using MiNNLO

CMS-PAS-SMP-24-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html
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● Fiducial and total ZZ cross-sections
○ First measurement of ZZ at 13.6 TeV

w/2022 data

ATLAS ZZ @ 13.6 TeV [29 fb-1]
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arXiv:2311.09715, submitted to Phys. Lett. B

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/
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● Differential cross-sections

ATLAS ZZ @ 13.6 TeV [29 fb-1]
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arXiv:2311.09715, submitted to Phys. Lett. B

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/
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Additional (Recent) Results Not Covered Here
● ATLAS Wγγ @ 13 TeV [140 fb-1], arXiv:2308.03041, Phys. Lett. B 848 (2024) 138400
● ATLAS WZγ @ 13 TeV [140 fb-1], arXiv:2305.16994, Phys. Rev. Lett. 132 (2024) 021802
● CMS Wγ @ 13 TeV [138 fb-1], arXiv:2212.12592, Phys. Rev. D 108 (2023) 032017
● CMS osWWjj @ 13 TeV [138 fb-1], arXiv:2205.05711, PLB 841 (2023) 137495
● ATLAS ZLZL & CP prop. @ 13 TeV [140 fb-1], arXiv:2310.04350, JHEP 12 (2023) 107
● ATLAS 4ljj @ 13 TeV [140 fb-1], arXiv:2308.12324, JHEP 01 (2024) 004

List of ATLAS results: 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

List of CMS results: 
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-33/
https://www.sciencedirect.com/science/article/pii/S0370269323007335
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-17/
https://link.aps.org/doi/10.1103/PhysRevLett.132.021802
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html
http://dx.doi.org/10.1103/PhysRevD.108.032017
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html
http://dx.doi.org/10.1016/j.physletb.2022.137495
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
https://link.springer.com/article/10.1007/JHEP12(2023)107
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-02/
https://link.springer.com/article/10.1007/JHEP01(2024)004
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html
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Summary and Outlook
● Rich potential from Multiboson 

Measurements & Searches/Probes
○ Precision multiboson (diboson, VBS) measurements
○ Observation of triboson processes
○ Anomalous couplings, EFT, Higgs properties & extensions

● Lots of opportunities with the Run-3 data coming in!

29

Comprehensive Multiboson
Experiment-Theory Action
EU COST Action CA22130

Stay tuned !!!
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ADDITIONAL MATERIAL
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CMS ZZ+jets @ 13 TeV [138 fb-1]
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ATLAS high-pT
Z WZ @ 13 TeV [140 fb-1]
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arXiv:2402.16365, submitted to Phys. Rev. Lett.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
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ATLAS high-pT
Z WZ @ 13 TeV [140 fb-1]
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arXiv:2402.16365, submitted to Phys. Rev. Lett.

pT
WZ<20 GeV pT

WZ<40 GeV pT
WZ<70 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
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ATLAS Wγjj VBS @ 13 TeV [140 fb-1]
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ATLAS WZjj VBS @ 13 TeV [140 fb-1]
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ATLAS W±W±jj VBS @ 13 TeV [139 fb-1]
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arXiv:2312.00420, JHEP 04 (2024) 026 

vertices (QCD ++ 9 9). Representative LO Feynman diagrams for EW ++ 9 9 are shown in Figures 1 and 2.
The leading QCD ++ 9 9 diagrams are shown in Figure 3, where the two diagrams with gluons in the initial
state are forbidden when there are two , bosons with the same electric charge produced, ,±

,
±
9 9 . The

EW production is further categorised into two components. The first component is EW VBS production
(see Figure 1), which involves the actual scattering of the two vector bosons. The scattering occurs via triple
or quartic gauge vertices, the B- or C-channel exchange of a Higgs boson or a ,///W boson. The diagrams
with bosons in the B-channel, shown in Figures 1(a) and 1(d), are forbidden in the SM for ,±

,
±
9 9 final

states. The diagram in Figure 1(d) is possible in extensions of the SM with a doubly charged Higgs boson.
The second component is EW non-VBS production (see Figure 2) with EW vertices only, where the two
bosons do not interact. The EW non-VBS component cannot be separated from the EW VBS component
in a gauge-invariant way and is therefore considered as a contribution to the signal. Triboson production
where one boson decays hadronically also results in the ++ 9 9 final state. These processes only contain EW
interactions and are separable in a gauge-invariant manner [8]. The resonant decay of a boson into two
quarks can be suppressed by applying a requirement on the invariant dĳet mass <jj arising from the two
quarks. As a consequence, triboson processes are suppressed in the EW VBS phase-space region.

The ,
±
,

±
9 9 final state has the largest ratio of electroweak to strong production cross sections among

final states sensitive to VBS diboson processes [3]; this is because quark–gluon and gluon–gluon initiated
diagrams are absent at LO accuracy in perturbative QCD and contributions from quark and (anti-)quark
annihilation diagrams are suppressed. This production ratio is of order five in the fiducial phase-space
region of the analysis. The B-channel VBS diagrams with trilinear interactions are absent in the ,±

,
±
9 9

final state. In addition, electroweak diagrams not involving self interactions are suppressed [9], which
enhances the sensitivity of this final state to gauge-boson self couplings.
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Figure 1: Representative Feynman diagrams for EW ++ 9 9 production with a scattering topology that includes either
a triple-gauge-boson vertex with an internal electroweak gauge boson in the (a) B-channel or the (b) C-channel, (c) a
quartic gauge boson vertex, or the exchange of a Higgs boson in the (d) B-channel or the (e) C-channel. The lines are
labelled by quarks (@), vector bosons (+ = ,///W), the Higgs boson (�) and fermions ( 5 ). The B-channel diagrams,
(a) and (d), are forbidden in the SM for ,±

,
±
9 9 final states. The diagram (d) is possible in extensions of the SM

with a doubly charged Higgs boson. In these and following Feynman diagrams, not all boson combinations are
allowed by the Standard Model.

3

● Most precise fiducial and differential cross-section 
measurements

● Limits on dim-8 EFT operators to probe aQGC
● Limits on H±± decaying to pair of W± (GM model)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
https://link.springer.com/article/10.1007/JHEP04(2024)026
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CMS (SS) W±W±jj VBS with τh @ 13 TeV [138 fb-1]
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● First study of VBS with a τ lepton decaying hadronically
○ μEW = 1.44 +0.63 - 0.56, i.e. 2.7σ (1.9σ) obs. (exp.)

● DNN (9 variables) trained to separate signal from background

CMS-PAS-SMP-22-008 

6

Because of the large background and complex signal topology, nine significant features to sep-
arate signals and backgrounds, chosen from a larger set of kinematical observables, are com-
bined in a single machine-learning discriminator (a feed-forward deep neural network, DNN).
Specifically, two dedicated transverse masses are defined to exploit the particular kinematical
properties of the VBS ssWW reaction [31]:
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The variable M1T is the transverse mass of the t` system with p
miss
T . For the second quantity,

the t and ` momenta and p
miss
T are projected in such a way the t` system has a null invariant

mass, and then the transverse mass of the three objects is obtained. The DNN implemented
is optimized to discriminate signals from the main sources of background. It consists of one
hidden layer with 200 neurons. The training is implemented with Adam Optimizer [32], and
early stopping, dropout, and L2 regularization [33] techniques are used to avoid overfitting.
The variables used as input to the DNN model are listed below:

• VBS jet pair invariant mass Mjj;

• transverse mass MT(`,~pmiss
T

);
• transverse mass M1T;
• transverse mass Mo1;
• pT of leading VBS jet;
• pT of subleading VBS jet;
• pT of th;
• pT of `;
• ratio of pT of the leading track of the jet associated with th to the th pT.

The statistical analysis is implemented with a maximum likelihood fit to extract the signal
strength, the ratio of the signal yield observed to that predicted by the model, exploiting the
asymptotic limit of Wilks’ theorem [34]. To validate the results obtained by relying on the
asymptotic limit, the same estimate is computed by instead generating frequentist toy sam-
ples for the signal and the background, taking into account their statistical fluctuations. Data
yields in both SRs and CRs are incorporated in the likelihood via Poisson probability density
functions. The inputs to the fit are the distributions in the DNN output of the data, the signal,
and the backgrounds estimated as described above. The distributions in the SRs and CRs are
affected by common sources of systematic uncertainty, described in the next section, and thus
their expectations are correlated in the fit.

6 Systematic uncertainties
Systematic uncertainties in signal and background are introduced as nuisance parameters in
the statistical fit. The uncertainty determined by the CMS luminosity monitoring is 1.6%, 2.3%,
and 2.5% for 2016, 2017, and 2018 integrated luminosities, respectively. The uncertainties are
partially correlated among the data sets considering the luminosity measurement schemes pro-
vided by the same monitoring [35–37]. This uncertainty is considered to affect only the yields
(not the shapes).

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html
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CMS VBS W±W±jj with τh @ 13 TeV [138 fb-1]
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The DNN implemented is optimized to 
discriminate signals from the main sources of 
background. It consists of one hidden layer 
with 200 neurons. The training is implemented 
with Adam Optimizer [32], and early stopping, 
dropout, and L2 regularization [33] techniques 
are used to avoid overfitting.
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The variable M1T is the transverse mass of the t` system with p
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T . For the second quantity,

the t and ` momenta and p
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T are projected in such a way the t` system has a null invariant

mass, and then the transverse mass of the three objects is obtained. The DNN implemented
is optimized to discriminate signals from the main sources of background. It consists of one
hidden layer with 200 neurons. The training is implemented with Adam Optimizer [32], and
early stopping, dropout, and L2 regularization [33] techniques are used to avoid overfitting.
The variables used as input to the DNN model are listed below:

• VBS jet pair invariant mass Mjj;

• transverse mass MT(`,~pmiss
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• transverse mass M1T;
• transverse mass Mo1;
• pT of leading VBS jet;
• pT of subleading VBS jet;
• pT of th;
• pT of `;
• ratio of pT of the leading track of the jet associated with th to the th pT.

The statistical analysis is implemented with a maximum likelihood fit to extract the signal
strength, the ratio of the signal yield observed to that predicted by the model, exploiting the
asymptotic limit of Wilks’ theorem [34]. To validate the results obtained by relying on the
asymptotic limit, the same estimate is computed by instead generating frequentist toy sam-
ples for the signal and the background, taking into account their statistical fluctuations. Data
yields in both SRs and CRs are incorporated in the likelihood via Poisson probability density
functions. The inputs to the fit are the distributions in the DNN output of the data, the signal,
and the backgrounds estimated as described above. The distributions in the SRs and CRs are
affected by common sources of systematic uncertainty, described in the next section, and thus
their expectations are correlated in the fit.

6 Systematic uncertainties
Systematic uncertainties in signal and background are introduced as nuisance parameters in
the statistical fit. The uncertainty determined by the CMS luminosity monitoring is 1.6%, 2.3%,
and 2.5% for 2016, 2017, and 2018 integrated luminosities, respectively. The uncertainties are
partially correlated among the data sets considering the luminosity measurement schemes pro-
vided by the same monitoring [35–37]. This uncertainty is considered to affect only the yields
(not the shapes).

4

of 30 GeV (35 GeV for electrons in 2017 and 2018).

Hadronically decaying t leptons are reconstructed with the CMS hadrons-plus-strips algo-
rithm and are identified with the DEEPTAU algorithm based on Deep Neural Network (DNN)
models, which is capable of discriminating th from jets, electrons, and muons, using three dif-
ferent classifiers [29]. For the latter, the tightest working points consistent with the best signal
sensitivity are implemented.

5 Analysis strategy and background estimation
The analysis targets the VBS production of pairs of W bosons with the same sign, one of which
decays to a t lepton, in association with two jets originating from the scattered incoming par-
tons. Events are first selected by requiring one electron or muon, one th, in each case satisfying
the “tight” identification criteria, no additional “loose” leptons (e, µ, or th), and at least two jets
with a pseudorapidity separation |Dh| > 2.5. Among all the possible jet pairs that satisfy the
latter requirement, the pair with the highest invariant mass Mjj is chosen. We further define the
signal region (SR) and a series of control regions (CRs) to estimate and validate the background
predictions, as specified in the following paragraphs.

The SR is designed to enhance the yield of the VBS signal while minimizing that of the back-
ground. Events with a same-sign `th pair, p

miss
T > 50 GeV and Mjj > 500 GeV are selected.

In this region, almost 95% of the background events are those that contain nonprompt leptons,
which arise from jets misreconstructed as e, µ, or th, including genuine leptons from the decays
of hadrons within jets; about 2% are from Z/g⇤+jets, and 1% from dileptonic tt production.

Nonprompt leptons are produced mainly by QCD-mediated multijet, associated W+ jets, and
hadronic and semileptonic tt production. They are estimated from data CRs by the pass-fail
method described in detail in Ref. [30]. For this background source, we define two control
regions: the ”QCD-enriched” region, and the nonprompt CR. To define them, the transverse
mass MT(`, p

miss
T ) is introduced as follows:

MT(`, p
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T ) '

q
2p

`
T

p
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T

⇥
1 � cos Df

⇤
, (1)

where Df is the azimuthal separation between the lepton momentum vector and ~pmiss
T . The

QCD-enriched region is used to perform the first step of the nonprompt-lepton background
estimate and is disjoint from the SR and other CRs: in data collected with a jet-based trigger,
events with only one loosely identified lepton (e, µ, th), p

miss
T < 50 GeV, and transverse mass

MT(`, p
miss
T ) < 50 GeV are selected. The nonprompt CR contains events with a same-sign `th

pair and p
miss
T  50 GeV; it serves to validate the yield estimate from the pass-fail method.

Lepton candidates in this CR arise mainly from W+jets and QCD multijet production. The
data and estimated background Mjj distributions are compared in the nonprompt CRs for the
electron and muon final states in Fig. 2. The background yields are evaluated before (“pre-fit”)
the maximum likelihood (ML) fit introduced at the end of this section. The plots show that the
data generally agree with the prediction within uncertainties.

Finally, we define a tt and an opposite-sign control region (tt and OS CRs) to constrain MC
simulations of these background sources. Events with an OS `th pair and no “loose” b-tagged
jets are selected for the OS CR; events with an OS `th pair, at least one “medium” b-tagged
jet, and p

miss
T > 50 GeV are selected for the tt CR. Both the tt and OS CR are included in the

simultaneous fit along with the SR. A summary of the analysis phase space with definition of
the SR and CRs is shown in Table 1.
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● Observation of WWγ: 5.6σ (4.7σ) obs. (exp.) & search for Hγ

arXiv:2310.05164, Phys. Rev. Lett. 132 (2024) 121901

5

two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p
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T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y
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oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
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cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
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We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
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characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
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simulated using MADGRAPH5 aMC@NLO or POWHEG v2.0 [43–48] at NLO in QCD interfaced
with PYTHIA8 for hadronization and fragmentation in a manner similar to that for the WWg
signal sample. The background due to events containing nonprompt leptons and photons, in-
cluding those from instrumental mismeasurements and genuine leptons or photons within jets,
is estimated from data using a method similar to that of Ref. [49–51]. The relative contribution
of events with well-isolated, high-quality leptons to less-isolated, lower-quality leptons is mea-
sured in a dijet control region (CR) in data as a function of the lepton |h| and pT, and corrected
for prompt leptons and prompt photon conversions based on simulated samples. A similar
procedure is applied for photons, based on a W+jets CR that excludes the signal region (SR).
In the nonprompt-photon case, a fit to the width of the photon ECAL shower is used to deter-
mine the nonprompt-photon fraction in the well-isolated, high-quality category, as described
in Ref. [52]. Based on the matching to the generator level, the two procedures are combined to
avoid double counting [49]. The SM contributions from other Higgs-related processes [53] are
negligible.

Experimentally, we select W+W�g ! e+neµ�nµ g and µ+nµe�neg events, which pass the
level-1 [54] and high-level [55] triggers that require an isolated muon and/or electron. We
require the isolated electron and muon to satisfy additional identification criteria [26, 27], a sin-
gle reconstructed photon [26] must be present in the event, and the p

miss
T must exceed 20 GeV.

The photon must satisfy high performance identification requirements that correspond to a
signal efficiency > 80% [26]. Off-line kinematic requirements on the selected objects, based on
the detector acceptance and the trigger thresholds, are p

g
T > 20 GeV, |hg | < 2.5, |he(µ)| < 2.5

(2.4) and p
e(µ)
T > 25 (20) GeV. To reduce backgrounds from WZg and relevant top quark pro-

cesses, events are rejected that contain at least one b jet or an additional muon or electron with
pT > 10 GeV passing looser criteria than those of the primary leptons. Moreover, it is required
that DR =

p
(Dh)2 + (Df)2 > 0.5, where Df and Dh are the spatial separations in the azimuthal

angle f and h between leptons and photon. We further suppress background contributions by
requiring the dilepton mass (m`` ) > 10 GeV, the transverse momentum (p

``
T ) > 15 GeV, and the

transverse mass, m
WW
T =

q
2p

``
T p

miss
T [1 � cos Df(~p``T ,~p miss

T )] > 10 GeV.

A CR with charged leptons of the same sign, SSWWg, is constructed to validate the nonprompt
lepton background modeling. Another Topg CR, dominated by events corresponding to top
quark production, is used to validate the modeling of both nonprompt-lepton and nonprompt-
photon backgrounds. These two CRs are included in the simultaneous maximum likelihood fit
to constrain the estimates of these process rates. The selection for the SSWWg CR is the same
as for the SR, except that the m

WW
T requirement is removed and the two leptons are required to

have the same sign. The definition of the Topg CR also follows closely that of the SR, except that
at least one b-tagged jet with pT > 20 GeV is required and the m

WW
T requirement is removed.

The observed distributions in the SR of the invariant mass of the dilepton-photon system (m``g )
and m

WW
T are compared with the expected distributions before the fit in Fig. 2. The experimen-

tal data agree with the prediction within the uncertainties.

Various sources of systematic uncertainty are included in the fit as nuisance parameters and
subject to log-normal constraints. Theoretical sources of systematic uncertainty include the
choice of the renormalization and factorization scales, PDFs, and parton shower modeling.
The two scales are varied by factors of 2 and 0.5 independently. The envelope of these varia-
tions, excluding the two extreme (2, 0.5) and (0.5, 2) cases, is assumed as the uncertainty. The
systematic uncertainty due to PDFs is calculated using the PDF4LHC15 nnlo 30 pdfas PDF
replicas, following the PDF4LHC group prescription [56–59]. Parton shower modeling uncer-

Hγ fit on ∆Rll [0.5, 1.8, 2.0, 2.3) and mT
WW [0, 10, 40, 70, 110, ∞)

5
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dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
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Figure 3: The unrolled two-dimensional m

WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p
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T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y
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evaluated at scale µ = 125 GeV as described in Ref. [66].
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