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The Standard Model of Particle Physics

Force Carriers
(Bosons)
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The Higgs boson

Higgs mechanism 
Ø Implements (Spontaneous) Electroweak Symmetry Breaking (EWSB) in SM
Ø Cornerstone of SM: gives mass to fundamental particles
Higgs: last fundamental particle discovered (2012), after almost 50 years!

Higgs 
(mH = 125 GeV)
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The Standard Model of Particle Physics

Yet, the Standard Model doesn’t explain many observed phenomena
● Gravity is absent from the SM 
● Dark Matter and Dark Energy 
● Massive neutrinos
● The matter-antimatter asymmetry

Large experimental programme to unravel the mysteries of our Universe at the 
Large Hardon Collider (LHC) at CERN.

Important to look at the LHC data, probing the rarest SM processes to look for 
deviations from theory, which could be hints of new physics.



Probing the SM of Particle Physics

● γ/Z à ll, W à lν well understood
● H à γγ, WW, ZZ, ττ observed
● WW V (V=W, Z, γ) precisely 

measured at LEP and LHC
● Higgs self-coupling not yet

measurable
● Probing WW VV limited by 

experimental data
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Probing Electroweak Symmetry Breaking
● VBS at high energy subject to delicate cancellation between terms

○ σ(WLWLà WLWL) grows with energy w/o Higgs boson
○ Very sensitive to shifts in the trilinear or quartic gauge coupling

● V(V)jj is a fundamendal probe of SU(2)L x U(1)Y

3.4. THE V V INTERACTION AND WHY IT IS STILL INTERESTING 37

and ZZ 3 pairs.

Figure 3.7: The total W+
L W+

L scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling, gHWW , Assumed here are two colliding
on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. Coupling gHWW=1 (lower
black curve) corresponds to the Standard Model. Blue curves represent gHWW < 1, the
curve for gHWW=0 is equivalent to the Higgsless case. Green curves represent gHWW > 1.
Also shown is the total cross section for W+

T W+
X scattering (upper black curve, subscript

X denotes any polarization, T or L), its variations with the HWW coupling are contained
within the line width. A cut on the scattering angle that corresponds to pseudorapidity
of ±1.5 with respect to the incoming W direction was applied. Results of MadGraph
calculations.

3.4.2 Gauge boson couplings in V V scattering

As mentioned in the previous chapter, the high energy behavior of vector boson scattering
amplitudes is sensitive not only to the Higgs couplings to vector bosons (and Higgs mass),
but also to the triple and quartic vector boson couplings. As much as the former are

3ZZ should be always understood as a sum of the amplitudes for the W+W− → ZZ and ZZ → ZZ
scattering processes.

38CHAPTER 3. STANDARDMODEL EXPERIMENTAL STATUS AND PROSPECTS FOR BSM

Figure 3.8: TotalW+
L W+

L scattering cross section as a function of the center of mass energy
for different values of the WWWW quartic coupling (labeled 4W , blue curves) and the
WWZ triple coupling (labeled WWZ, green curves). The corresponding couplings are
scaled by a constant factor relative to their respective Standard Model values. Assumed
here are two colliding on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. A
cut on the scattering angle that corresponds to pseudorapidity of ±1.5 with respect to
the incoming W direction was applied. Results of MadGraph calculations.

arXiv:1412.8367

Quartic Gauge Coupling

Triple Gauge CouplingHiggs Coupling
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Vector Boson Scattering (VBS)

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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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



VBS

Higgs
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Probing VBS (and VBF) :: Motivation

● Important tests of Electroweak and Strong interaction
● They directly probe EW boson self-interactions
● They are a portal to 

○ Understanding EWSB
○ Probing BSM physics

Measurements:
● Fiducial and differential cross-sections
● Looking for anomalous couplings (EFT)
● Probing EW boson polarisation

EW ZZjj
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Signal definition

VBS

VVjj

non-resonant

interference
between EW and QCD 
mediated production

12

EW Signal

QCD Background Interference



Signal definition

VBS

VVjj

non-resonant

interference
between EW and QCD 
mediated production
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EW Signal

QCD Background Interference

Reducible via VBS TOPOLOGY



VBS Topology

● Two hadronic jets in the forward/backward regions with high energy (tagging jets)
● Hadronic activity suppressed between two jets (rapidity gap) due to absence of 

colour flow between interacting partons
● Two bosons produced ~back-to-back 14

arXiv:hep-ph/9605444 ; 1996 

FIG. 4. Characteristics of the third (soft) jet in Zjjj signal (solid lines) and background

(dashed lines) events at the LHC. (a) The pseudorapidity η∗3 is measured with respect to the center

of the two tagging jets, η̄ = (ηtag1
j +ηtag2

j )/2, and the distributions are normalized to unit area. (b)

Integrated transverse-momentum distribution of the third jet, σ(pT3 > pT,min). The acceptance

requirements of Eqs. (4–8) are imposed on the two tagging jets. The corresponding cross sections

at lowest order, with two partons in the final state, are indicated for the signal (dotted line) and

for the background (dash-dotted line).

energetic jets with ptag
T > 40 GeV in opposite hemispheres of the detector. In the following

we are interested in the properties of the third or soft parton, which may or may not qualify

as a minijet.

The pseudorapidity and transverse-momentum distributions of this third jet are shown

in Fig. 4, where the pTj threshold has been lowered to 10 GeV. As expected for t-channel

color-singlet exchange, additional jet activity in the signal is concentrated in the forward

and backward regions. Color exchange between the incident partons, as in the case of the

QCD background, leads to minijet activity in the central region. These differences become

particularly pronounced when measuring the soft jet’s rapidity with respect to the center of

12
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The LHC
A 27 km 
collider at 
CERN in 
Geneva

ALICE

CMS

ATLAS

LHCb

SPS

p-p @ 13 TeV



Image: Jorge Cham

Cross-section
(Given by theory)Detector 

Efficiency

Total 
Luminosity

Probing the rarest SM Processes

Image: Jorge Cham 17



The ATLAS Detetor
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Transverse view
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How does VBS look like in ATLAS ? 

Two forward particle ”jets”
(from the incoming protons)

• Two charged leptons (e and µ) from (here) W à lν
• Energy imbalance (ν)µ

ν
ν

e

W+

W+W+

W+
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W±W± jj is most 
sensitive VBS process 
(largest σEW/σQCD ratio)

Probing Electroweak (EW) W±W±jj
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Phys. Rev. Lett. 123 (2019) 161801

Probing large dijet invariant 
mass reduces background

Probing Electroweak (EW) W±W±jj

Observation by ATLAS in 2018 using 36.1 fb-1 (~60 EW W±W±jj events, S/B ≈ 1)

W±

W±W±

W±

Signal: W±W± jj (EW)

Background:
W±Z jj

Background:
W±W± jj (QCD)



Overview of Run-2 ATLAS VBS/VBF Analyses

W±W±jj (36 fb-1): 6.5σ
PRL 123 (2019) 161801

VVjj (36 fb-1): 2.7σ
PRD 100 (2019) 032007

WZjj (36 fb-1): 5.3σ
PLB 793 (2019) 469 γγà WW (139 fb-1): 8.4σ

PLB 816 (2021) 136190

Z(ll)γjj (36 fb-1): 4.1σ
PLB 803 (2020) 135341

ZZjj (139 fb-1): 5.5σ
arXiv:2004.10612 
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Leptonic

Semi-leptonic

Z(νν)γjj (139 fb-1): 6.3σ (*)
JHEP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-23
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-26
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-59/


Observation of EW W±W±jj
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VBS Topology

VBS topology

Two energetic forward jets (pj
T
> 65/35 GeV, |⌘j | < 4.5 )

with high dijet invariant mass and angular separation

) �Yjj > 2.0, mjj included in profile likelihood fit

Only include decaying W± into electrons and muons

) Two central, like-charge leptons (p`
T > 72 GeV, |⌘l | < 2.5 )

end-cap electrons excluded in ee channel

Backgrounds contributions include processes with:

At least two real like-charge leptons (W±Z , ZZ , tt̄ +W±/Z)

At least one non-prompt lepton (mis-identified jets, leptons
from hadron decays, photon conversion)
(V �, W jets)

Electron charge mis-reconstruction (tt̄,W±W⌥,Z/�⇤)

Background composition in signal region:

Signal

40.9

W±Z

31.8

Non-Prompt

25.1

chMisID

8.9W±W± QCD

7.2

Others
6.8
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W
±

W
±

jj

W ±W ±jj

Experimental selection

I 2 isolated and well reconstructed same-charge dilepton events (` = e, µ)

I 3rd lepton veto to suppress WZ and b-jet veto to suppress tt̄

I Emiss
T > 30 GeV and VBS jet selections

Background estimation

I WZ background normalized in trilepton control region (8% uncertainty)

I Misidentified lepton background measured in control region (50-90% uncertainty)

I Electron charge misidentification and conversion backgrounds measured from data

I Other irreducible backgrounds from Monte-Carlo simulation

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ�
combined

WZ 1.7 ± 0.6 1.2 ± 0.4 13 ± 4 8.1 ± 2.5 5.0 ± 1.6 3.3 ± 1.1 32 ± 9

Non-prompt 4.1 ± 2.4 2.3 ± 1.8 9 ± 6 6 ± 4 0.57± 0.16 0.67± 0.26 23 ± 12

e/� conversions 1.74± 0.31 1.8 ± 0.4 6.1 ± 2.4 3.7 ± 1.0 - - 13.4 ± 3.5
Other prompt 0.17± 0.06 0.14± 0.05 0.90± 0.24 0.60± 0.25 0.36± 0.12 0.19± 0.07 2.4 ± 0.5
W±W±

jj strong 0.38± 0.13 0.16± 0.06 3.0 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.26 7.3 ± 2.5

Expected background 8.1 ± 2.4 5.6 ± 1.9 32 ± 7 20 ± 5 7.7 ± 1.7 4.9 ± 1.1 78 ± 15

W±W±
jj electroweak 3.80± 0.30 1.49± 0.13 16.5 ± 1.2 6.5 ± 0.5 9.1 ± 0.7 3.50± 0.29 40.9 ± 2.9

Data 10 4 44 28 25 11 122

K. Potamianos (DESY) ATLAS EW VBS May 24, 2019 7 / 21

deviation due to the fewer than expected events in the low m j j bins of the e±e± and e±µ± channels. The
normalization of the W Z background is reduced by 12%, mainly due to a deficit in the observed number
of data events in the W Z control region.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� combined

W Z 1.7 ± 0.6 1.2 ± 0.4 13 ± 4 8.1 ± 2.5 5.0 ± 1.6 3.3 ± 1.1 32 ± 9
Non-prompt 4.1 ± 2.4 2.3 ± 1.8 9 ± 6 6 ± 4 0.57± 0.16 0.67± 0.26 23 ± 12
e/� conversions 1.74± 0.31 1.8 ± 0.4 6.1 ± 2.4 3.7 ± 1.0 - - 13.4 ± 3.5
Other prompt 0.17± 0.06 0.14± 0.05 0.90± 0.24 0.60± 0.25 0.36± 0.12 0.19± 0.07 2.4 ± 0.5
W±W±jj strong 0.38± 0.13 0.16± 0.06 3.0 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.26 7.3 ± 2.5

Expected background 8.1 ± 2.4 5.6 ± 1.9 32 ± 7 20 ± 5 7.7 ± 1.7 4.9 ± 1.1 78 ± 15

W±W±jj electroweak 3.80± 0.30 1.49± 0.13 16.5 ± 1.2 6.5 ± 0.5 9.1 ± 0.7 3.50± 0.29 40.9 ± 2.9

Data 10 4 44 28 25 11 122

Table 1: Summary of the data event yields, and the expected signal and background event yields in the signal
region before the fit. The numbers are shown for six individual channels and for all channels combined. The W Z
background is normalized to data in the W Z control region. The backgrounds from V� production and electron
charge misreconstruction are combined in the “e/� conversions“ category. The “Other prompt” category combines
Z Z , VVV and tt̄V background contributions. The total uncertainty is computed by varying each source of systematic
uncertainty by one standard deviation and adding resulting di�erences in quadrature.

The observed excess of data events is consistent with the expected signal from W±W± j j electroweak
production. The background-only hypothesis is rejected with a significance of 6.9� where a sig-
nificance of 4.6� is expected for the signal predicted by S�����. The ratio of the extracted num-
ber of signal events over the S����� prediction for the W±W± j j electroweak production is mea-
sured to be 1.45+0.25

�0.24 (stat.)+0.13
�0.14 (sys.). This corresponds to a measured fiducial cross section of

�fid = 2.91+0.51
�0.47 (stat.) ± 0.27 (sys.) fb, compared to 2.01+0.33

�0.23 (sys.+stat.) fb predicted by S�����. The
measured fiducial cross section agrees with the prediction by P�����+P�����8 of 3.08+0.45

�0.46 (sys.+stat.) fb.
The theoretical predictions include neither the interference of W±W± j j electroweak and strong produc-
tion, nor the NLO electroweak corrections. The observed cross section includes the W±W± j j electroweak
production and interference e�ects.

7

Phys. Rev. Lett. 123 (2019) 161801
Result being updated 

with 2015-2018 (Run-2) data!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801


● Extracting inclusive cross-section in two SRs
● SR: EW selection + Z-mass (ll) window

+  2 jets with yj1 . yj2 < 0, mjj > 400/300 GeV, |Δyjj| > 2
● Large bkg. from WZ and non-resonant ll in llννjj

Inclusive ZZjj Production

8 Measurement of fiducial cross-sections

In addition to the observation of the EW Z Z j j process, the cross-sections for the production of inclusive
Z Z j j are also measured in the ```` j j and ``⌫⌫ j j channels. This measurement, corrected for detector
ine�ciency and resolution without any further theoretical interpretation, provides the most model-
independent results. The cross-sections are measured following the formula � = (Ndata � Nbkg)/(L ⇥ C),
where Ndata and Nbkg refer to the number of events in data and the expected number of background events
from non-Z Z j j processes respectively, L refers to the integrated luminosity, and C is the correction factor
to extrapolate the QCD and EW Z Z j j events from detector level to the fiducial volume, calculated as
the ratio of the number of Z Z j j events passing the detector-level event selection to the number of events
selected in the fiducial volume.

The definitions of the fiducial volumes closely follow the detector-level selections, using ‘particle-level’
electrons, muons, E

miss
T and jets, which are reconstructed in simulation from stable final-state particles,

prior to their interactions with the detector, following the procedure described in Ref. [51]. In the ```` j j

channel, the dilepton mass requirement is relaxed (relative to the detector-level selection) to the wider range
60–120 GeV to ensure compatibility with the previous CMS publication [13]. In the ``⌫⌫ j j channel, both
the electrons and muons are selected in the |⌘ | < 2.5 region to simplify the charged-lepton selections. In
addition, no requirement is placed on the E

miss
T -significance due to the complexity of defining this variable

at particle level; however, the particle-level E
miss
T is required to be greater than 130 GeV. All the other

kinematic selection requirements have the same definition as the detector-level ones.

The C-factors are found to be (69.9±3.1)% in the ```` j j channel, and (21.6±1.2)% in the ``⌫⌫ j j channel,
where the errors reflect the total uncertainties. The smaller C-factor in the ``⌫⌫ j j channel is due to the
large event migration e�ect in events passing the E

miss
T selection requirement at particle level that have a

small E
miss
T -significance at detector level. The measured and predicted fiducial cross-sections are presented

in Table 3. Uncertainties from di�erent sources are presented explicitly. The data statistical uncertainty
dominates, while the experimental uncertainties related to jet measurements and the background estimates
are the major systematic uncertainties in the ```` j j and ``⌫⌫ j j channels, respectively. The measurements
of 1.27 ± 0.14 fb for the ```` j j channel and 1.22 ± 0.35 fb for the ``⌫⌫ j j channel are compatible with
the SM predictions. The measurement precision in the ```` j j channel is better than the accuracy of the
theoretical prediction.

Table 3: Measured and predicted fiducial cross-sections in both the ```` j j and ``⌫⌫ j j channels for the inclusive
Z Z j j processes. Uncertainties due to di�erent sources are presented explicitly, including the one from the statistical
uncertainty of the data and simulated samples (stat), the one from the theoretical predictions (theo), the experimental
ones due to the lepton and jet calibrations (exp), the ones from background estimates (bkg), and the one from the
luminosity (lumi).

Measured fiducial � [fb] Predicted fiducial � [fb]
```` j j 1.27 ± 0.12(stat) ± 0.02(theo) ± 0.07(exp) ± 0.01(bkg) ± 0.03(lumi) 1.14 ± 0.04(stat) ± 0.20(theo)
``⌫⌫ j j 1.22 ± 0.30(stat) ± 0.04(theo) ± 0.06(exp) ± 0.16(bkg) ± 0.03(lumi) 1.07 ± 0.01(stat) ± 0.12(theo)

12

arXiv:2004.10612 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19


Electroweak ZZjj Production

● Using BDT to separate EW and QCD ZZjj
● Also fitting QCD CR to constrain background
● EW ZZjj cross-section : 0.82 ± 0.21 fb

(one of the smallest measured by ATLAS) 

Observation of EW ZZjj (LO MG5+Pythia8)

arXiv:2004.10612 
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VVjj

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19


EW WZjj Production WZjj (36 fb-1): 5.3σ
PLB 793 (2019) 469

26

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-23


EW VVjj Production VVjj (36 fb-1): 2.7σ
PRD 100 (2019) 032007

27

Table 4: Fiducial phase-space definitions used for the measurement of electroweak VV j j production.

Object selection

Leptons pT > 7 GeV, |⌘ | < 2.5
Small-R jets pT > 20 GeV if |⌘ | < 2.5, and pT > 30 GeV if 2.5 < |⌘ | < 4.5
Large-R jets pT > 200 GeV, |⌘ | < 2.0

Event selection

Leptonic V selection

0-lepton Zero leptons, p⌫⌫T > 200 GeV
1-lepton One lepton with pT > 27 GeV, p⌫T > 80 GeV

2-lepton Two leptons, with leading (subleading) lepton pT > 28 (20) GeV
83 < m`` < 99 GeV

Hadronic V selection

Merged One large-R jet, min(|mJ � mW |, |mJ � mZ |)

64 < mJ < 106 GeV

Resolved
Two small-R jets, min(|mj j � mW |, |mj j � mZ |)

pj1
T >40 GeV, pj2

T >20 GeV
64 < mj j < 106 GeV

Tagging-jets Two small-R non-b jets, ⌘tag, j1 · ⌘tag, j2 < 0, highest mtag
j j

mtag
j j > 400 GeV, ptag, j1,2

T > 30 GeV

Number of b-jets

0-lepton –
1-lepton 0
2-lepton –

performance seen in data. These corrections have associated uncertainties of the order of 1%. Uncertainties
in the lepton energy (or momentum) scale and resolution [62, 89] are also taken into account.

Uncertainties in the jet energy scale and resolution for small-radius jets are estimated using MC simulation
and in situ techniques [66]. For central jets (|⌘ | < 2.0), the total uncertainty in the jet energy scale ranges
from about 6% for jets with pT = 25 GeV to about 2% for pT = 1 TeV. There is also an uncertainty in the
jet energy resolution [66], which ranges from 10% to 20% for jets with a pT of 20 GeV to less than 5% for
jets with pT > 200 GeV. Uncertainties in the lepton and jet energy scales and resolutions are propagated
into the uncertainty in Emiss

T . Uncertainties in the energy scale and resolution of the track soft term are
also propagated into the uncertainty in Emiss

T [79]. For the b-tagging e�ciency of small-R jets, correction
factors are applied to the simulated event samples in order to compensate for di�erences between data and
simulation. The corrections and uncertainties in the e�ciency for tagging b-jets and in the rejection factor
for light jets are determined from tt̄ samples [90, 91].

The uncertainties in the scale of the large-R jet pT, mass and D(�=1)
2 are of the order of 2–5%. They

are estimated using comparisons of data and simulation in Ref. [78]. An absolute uncertainty of 2% is
assigned to the large-R jet energy resolution, and relative uncertainties of 20% and 15% are assigned to the
resolution of the large-R jet mass and D(�=1)

2 , respectively.

The overall normalization of the main backgrounds (W+ jets, Z + jets and tt̄) is determined from the

16

Table 5: The distributions used in the global likelihood fit for the signal regions and control regions for all the
categories in each channel. “One bin” implies that a single bin without any shape information is used in the
corresponding fit region.

Regions Discriminants

Merged high-purity Merged low-purity Resolved

0-lepton SR BDT BDT BDT
VjjCR mtag

j j mtag
j j mtag

j j

1-lepton
SR BDT BDT BDT
WCR mtag

j j mtag
j j mtag

j j

TopCR One bin One bin One bin

2-lepton SR BDT BDT BDT
ZCR mtag

j j mtag
j j mtag

j j

The test statistic qµ is defined as the profile likelihood ratio [100], qµ = �2 ln⇤µ with⇤µ = L(µ, ˆ̂✓µ)/L(µ̂, ✓̂),
where µ̂ and ✓̂ are the values of the parameters that maximize the likelihood function (with the constraint
0 µ̂  µ), and ˆ̂✓µ are the values of the nuisance parameters that maximize the likelihood function for a
given value of µ. The best-fit signal strength µ̂ value (µobs

EWVV j j) is obtained by maximizing the likelihood
function with respect to all parameters. To determine whether the observed data is compatible with the
background-only hypothesis, a test statistic q0 = �2 ln⇤0 is used.

10 Results

10.1 Results for the EW VV j j production processes

Figures 2 and 3 show a selection of representative post-fit distributions of input variables that are most
discriminating for each of the lepton channels, for the merged and resolved categories, respectively.
Background and EW VV j j signal contributions shown are obtained from the signal-plus-background fits
described previously.

The observed distributions of the BDT outputs in SRs used in the global likelihood fit are compared with the
predictions, shown in Figure 4 for the 0-lepton channel, Figure 5 for the 1-lepton channel, and Figure 6 for
the 2-lepton channel. The data distributions are reasonably well reproduced by the predicted contributions
in all cases, with the smallest p-value of 0.16 from the �2 test [101] being for the mtag

j j distribution in the
merged high-purity ZCR. The numbers of events observed and estimated in the SRs are summarized in
Table 6 for the 0-lepton channel, Table 7 for the 1-lepton channel, and Table 8 for the 2-lepton channel.
The fitted value of the signal strength is

µobs
EWVV j j = 1.05+0.42

�0.40 = 1.05 ± 0.20(stat.)+0.37
�0.34(syst.).

The background-only hypothesis is excluded in data with a significance of 2.7 standard deviations, compared
with 2.5 standard deviations expected.
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10.2 Cross-section measurements

The determination of the fiducial cross section is performed by scaling the measured signal strengths with
the corresponding SM predicted fiducial cross sections, �fid,obs

EWVV j j = µ
obs
EWVV j j · �

fid,SM
EWVV j j . It is assumed

that there is no new physics that could cause sizable kinematic modifications of the background and signal.
Therefore, the only new physics signals that can be detected in an unbiased way are those leading to an
enhanced EW VV j j signal strength in the search region of this analysis. The fiducial cross sections for EW
VV j j are measured in the merged and resolved fiducial phase-space regions described in Section 7 and
inclusively. The merged HP SR and LP SR are combined to form one single merged fiducial phase-space
region. The systematic uncertainties of the measured fiducial cross sections include contributions from
experimental systematic uncertainties, theory modeling uncertainties in the backgrounds, theory modeling
uncertainties in the shapes of signal kinematic distributions, and luminosity uncertainties. The measured
and SM predicted fiducial cross sections for EW VV j j processes are summarized in Table 10, where the
measured values are obtained from two di�erent simultaneous fits. In the first fit, two signal-strength
parameters are used, one for the merged category (both HP and LP), and the other one for the resolved
category; while in the second fit, a single signal-strength parameter is used. The measured and SM
predicted fiducial cross sections in each lepton channel are also reported in Table 11. The measured values
are obtained from a simultaneous fit where each lepton channel has its own signal-strength parameter,
and in each lepton channel the same signal-strength parameter is applied to both the merged and resolved
categories. The predictions are from M��G����5_aMC@NLO 2.4.3 at LO only, and no higher order
corrections are included; the theoretical uncertainties due to the PDF, missing higher-order corrections,
and parton-shower modeling are estimated as described in Section 8. The measured fiducial cross sections
are generally consistent with the SM predictions.

Table 10: Summary of predicted and measured fiducial cross sections for EW VV j j production. The three lepton
channels are combined. For the measured fiducial cross sections in the merged and resolved categories, two
signal-strength parameters are used in the combined fit, one for the merged category and the other one for the resolved
category; while for the measured fiducial cross section in the inclusive fiducial phase space, a single signal-strength
parameter is used. For the SM predicted cross section, the error is the theoretical uncertainty (theo.). For the
measured cross section, the first error is the statistical uncertainty (stat.), and the second error is the systematic
uncertainty (syst.).

Fiducial phase space Predicted �fid,SM
EWVV j j [fb] Measured �fid,obs

EWVV j j [fb]

Merged 11.4± 0.7 (theo.) 12.7± 3.8 (stat.) +4.8
�4.2 (syst.)

Resolved 31.6± 1.8 (theo.) 26.5± 8.2 (stat.) +17.4
�17.1 (syst.)

Inclusive 43.0± 2.4 (theo.) 45.1± 8.6 (stat.) +15.9
�14.6 (syst.)
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After the global maximum-likelihood fit, the uncertainties described in Section 8 are much reduced. The
e�ects of systematic uncertainties on the measurement after the fit are studied using the signal-strength
parameter µobs

EWVV j j . The relative uncertainties in the best-fit µobs
EWVV j j value from the leading sources of

systematic uncertainty are shown in Table 9. The individual sources of systematic uncertainty detailed in
Section 8 are combined into categories. Apart from the statistics of the data, the uncertainties with the
largest impact on the sensitivity of EW VV j j production are from the modeling of background (Z + jets,
W+ jets and QCD-induced diboson processes), the modeling of the signal, b-tagging, and reconstruction of
small-R and large-R jets.

Table 9: The symmetrized uncertainty �µ from each source in the best-fit signal-strength parameter µobs
EWVV j j .

The floating normalizations include uncertainties of normalization scale factors for Z+jets, W+jets and top quark
contributions.

Uncertainty source �µ

Total uncertainty 0.41
Statistical 0.20
Systematic 0.35

Theoretical and modeling uncertainties

Floating normalizations 0.09
Z + jets 0.13
W+ jets 0.09
tt̄ 0.06
Diboson 0.09
Multijet 0.04
Signal 0.07
MC statistics 0.17

Experimental uncertainties

Large-R jets 0.08
Small-R jets 0.06
Leptons 0.02
Emiss

T 0.04
b-tagging 0.07
Pileup 0.04
Luminosity 0.03
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29BDT used to separate EW Zγjj from backgrounds. 

Phys. Lett. B 803 (2020) 135341 

This agrees with the SM predictions obtained by summing the Z� j j�EW and Z� j j�QCD predictions
obtained from M��G����5_�MC@NLO 2.3.3 and S����� 2.2.2, respectively,

�fid., M��G����+S�����
Z� j j = 88.4 ± 2.4 (stat.) ± 2.3 (PDF + ↵S)+29.4

�19.1 (scale) fb.

10 Conclusion

Evidence for electroweak production of two jets in association with a Z� pair is presented using 36.1 fb�1

of pp collision data at
p

s = 13 TeV collected with the ATLAS detector at the LHC. The production
cross-section of this process is measured in a fiducial phase space approximating the acceptance of the
analysis. This measurement uses the leptonic decay of the Z boson into e

+
e
� or µ+µ�. The measurement is

performed using a BDT to enhance the signal to background-ratio. The dominant backgrounds, Z� j j�QCD,
Z+jets and tt̄ + � are all estimated from the data. The background-only hypothesis is excluded with
observed and expected significances of 4.1 standard deviations.

In the fiducial phase space the electroweak cross-section of the Z� j j process is measured to be:

�fid.
Z� j j�EW = 7.8 ± 1.5 (stat.) ± 1.0 (syst.) +1.0

�0.8 (mod.) fb,
= 7.8 ± 2.0 fb

in good agreement with the Standard Model predictions at LO in perturbative QCD.
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The signal strength is measured to be:

`/WEWK = 0.78+0.25
�0.23 (stat.)+0.21

�0.17 (syst.).

The observed (expected) significance of the result is 3.2f (3.7f). The `/WQCD and `,W normalisation
coe�cients are measured to be 1.21+0.37

�0.31 and 1.02+0.22
�0.17, respectively, signifying agreement with the predicted

yields within the uncertainties.

The predicted fiducial cross section is computed in the phase space defined in Table 2. The definition of
the fiducial phase space closely follows the detector-level selections, using photons, electrons, muons,
⇢

miss
T and jets at the particle level. These stable final-state particles (with proper decay length 2g > 10 mm)

are produced in the hard scatter; this includes those that are the products of hadronisation. Thus they are
reconstructed in simulation, prior to their interactions with the detector. The leptons used in the veto are
reconstructed at the particle level, with a correction for fully recovered final-state radiation applied. No
requirement is placed on the ⇢miss

T significance or ?SoftTerm
T due to the complexity of defining these variables

at particle level; however, the detector-level ⇢miss
T requirement is applied to the particle-level ⇢miss

T , which
corresponds to the ⇢T of the dineutrino system. All the other kinematic selection requirements are the same
as those at detector level in Section 4.2. The fiducial region selection e�ciency is 33%. The fiducial cross
section was predicted with M��G����5_�MC@NLO (interfaced with P�����) at leading order, with
next-to-leading-order QCD corrections and scale uncertainties computed with VBFNLO. Its value is

f
pred
/WEWK = 0.98 ± 0.02 (stat.) ± 0.09 (scale) ± 0.02 (PDF) fb.

Combined with the measured signal strength, it results in an observed fiducial cross section of

f/WEWK = 0.77+0.34
�0.30 fb.

Table 2: Fiducial region definition.

Selections Cut value

⇢
miss
T > 120 GeV
⇢
W

T > 150 GeV
Number of isolated photons #W = 1

Photon isolation ⇢
cone40
T < 0.022?T + 2.45 GeV, ?cone20

T /?T < 0.05
Number of jets #jets � 2 with ?T > 50 GeV

Overlap removal �'(W, jet) > 0.3
Lepton veto #4 = 0, #` = 0
|�q(W, Æ? miss

T ) | > 0.4
|�q( 91, Æ? miss

T ) | > 0.3
|�q( 92, Æ? miss

T ) | > 0.3
< 9 9 > 300 GeV

W-centrality < 0.6

Table 3 shows the observed and expected event yields of the signal and backgrounds in the SR and CRs
after the fit is performed. The post-fit < 9 9 and BDT classifier response distributions are shown in Figure 4,
and the summary plot for all of the regions is shown in Figure 5.
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SM analysis             Inv. Higgs ana.

Table 5: Data yields and fitted predictions, after the fit to 139 fb�1 of data with the `/WEW signal normalization
floating as defined in Eq. (3), for the four <jj bins of the SR and the inclusive CRs. The uncertainties in the SM
processes are derived by the fit and include the e�ects of nuisance parameter constraints and the correlation of
systematic uncertainties. The individual uncertainties are correlated and do not necessarily add in quadrature to
equal the total background uncertainty. A dash ‘–’ indicates less than 0.01 events.

Process Fake-4 CR ,
W

4a
CR ,

W

`a
CR /

W

Rev.Cen. CR
SR - <jj [TeV]

0.25-0.5 0.5-1.0 1.0-1.5 � 1.5
Strong /W + jets 8 ± 8 0 ± 1 3 ± 2 50 ± 12 20 ± 6 54 ± 12 13 ± 5 5 ± 2
EW /W + jets 0.6 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 7 ± 2 4 ± 1 30 ± 7 25 ± 5 36 ± 7

Strong,W + jets 43 ± 9 47 ± 9 133 ± 21 24 ± 6 22 ± 6 35 ± 10 9 ± 3 3 ± 1
EW,W + jets 19 ± 6 31 ± 7 59 ± 13 1.4 ± 0.5 2 ± 1 6 ± 1 4 ± 1 5 ± 1

jet! W 1 ± 1 2 ± 2 3 ± 2 2 ± 2 1 ± 1 2 ± 2 1 ± 1 0.4 ± 0.3
jet! 4 34 ± 17 5 ± 3 – – – – – –
4 ! W – 2.7 ± 0.4 2.9 ± 0.4 13 ± 1 6 ± 1 11 ± 1 2.6 ± 0.4 1.4 ± 0.3
W + jet – – – 0.7 ± 0.5 0.7 ± 0.5 0.4 ± 0.3 0.1 ± 0.1 0.1 ± 0.1
CC̄W/+WW 3 ± 1 9 ± 2 13 ± 2 3 ± 1 2 ± 1 4 ± 1 0.4 ± 0.2 0.1 ± 0.1

Fitted Yields 108 ± 10 96 ± 8 213 ± 14 102 ± 9 58 ± 6 143 ± 12 54 ± 5 52 ± 6
Data 108 95 216 100 52 153 50 52

Data/Fit 1.00 ± 0.14 0.99 ± 0.12 1.01 ± 0.09 0.98 ± 0.13 0.90 ± 0.15 1.07 ± 0.11 0.93 ± 0.16 0.99 ± 0.18

Table 6: The best-fit values and corresponding uncertainties of the three free-floating normalization factors derived
from the statistical analysis described by Eq. (3).

`/WEW V/Wstrong V,W

1.03 ± 0.25 1.02 ± 0.41 1.01 ± 0.20

uncertainties for the signal events entering the fiducial volume and the shape uncertainties, which are
the uncertainties in the shape of signal distributions within the fiducial volume. The signal acceptance
uncertainties are assigned to the theoretical cross-section and not to the fiducial cross-section.

The measured fiducial cross-section is extracted by taking the product of the signal strength, `/WEW , and
the predicted cross-section times branching ratio to neutrinos in the fiducial volume defined in Section 6.2.
The measurement and SM prediction agree within the measurement uncertainties. The measured fiducial
cross-section is ffid.

/ (!aa)WEW = 1.31 ± 0.20(stat) ± 0.20(syst) fb, which includes the contribution from the
interference term with the strong production of /W + jets. The interference computed through M��G����
is 2% in the fiducial volume and is treated as an uncertainty in the EW /W + jets cross-section. The
theoretical M��G���� cross-section including the 0.3% NLO QCD  -factor correction from VBFNLO is
1.27 ± 0.01(stat) ± 0.17(LO QCD M��G���� scale) ± 0.03(pdf) fb = 1.27 ± 0.17 fb. The jet-veto is not
part of the fiducial phase-space definition; the loss in e�ciency in simulation for this veto is 5%.

8.2 Fit model and results for N ! inv. search

In the search for � ! inv., events are categorized into four bins according to the DNN output score. These
bins enter the likelihood function definition in Eq. (2). In addition to the SR bins, the correspondingly
binned,W

4a
CR,,W

`a
CR, /W

Rev.Cen. CR, and Fake-4 CR are included in the likelihood function definition to
provide constraints on the background contribution to the SR. The signal contribution in the /W

Rev.Cen. CR
is taken into account in the statistical analysis. In the likelihood function definition, all the normalization
factors V from Eq. (3) are fixed to one except the ones corresponding to the,W + jets and fake-4 background
contributions. The `/WEW normalization factor is fixed to one because the shape of this contribution and
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Photon-induced WW :: γγà WW
σ(γγ→WW) = 3.13 ± 0.31(stat) ± 0.28(sys) fb
Observation: 8.4 σ

33

200

400

600

800

1000

1200

Ev
en

ts

ATLAS
-1 = 13 TeV, 139 fbs

 > 30 GeVµe
T

p

 Data
WW→γγ 
ττ→γγ 

WW→ qq
 Other qq initiated
 Non-prompt
 Drell-Yan
 Total uncertainty

0 1 2 3 4

trkNumber of reconstructed tracks, n

0.6
0.8

1
1.2
1.4

Da
ta

 / 
Pr

ed
. 

Figure 6: The distribution of the number of tracks associated with the interaction vertex is shown. The fitted
normalisation factors and nuisance parameters have been used. The WW ! ,, signal region requires a selection of
=trk = 0, as indicated by the vertical dashed line. The @@ ! ,, component also contains a small contribution from
gluon-induced ,, and electroweak ,, 9 9 production. Similarly, ‘other @@ initiated’ includes contributions not
only from ,/ and // diboson production but also from top-quark production and other gluon-induced processes.
The total uncertainties are shown as hatched bands. The lower panel shows the ratio of the data to the prediction,
with the total uncertainty displayed as a hatched band.

Without requirements on the number of reconstructed tracks, the selection e�ciency after reconstruction is
75% for elastic WW ! ,, events in the fiducial region. The full selection e�ciency after applying =trk = 0
is 39%. The predicted number of signal events includes a ⇠5% contribution of leptons from , ! gag ,
g ! ✓a✓ag , which is estimated using the MC simulation and which is removed from the measured fiducial
cross section using this fractional contribution.

The observed signal strength translates into a fiducial cross section of

fmeas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb

for ??(WW) ! ?
(⇤)
,

+
,

�
?
(⇤) production with ,

+
,

� ! 4
±
a`

⌥
a. The uncertainties correspond to the

statistical and systematic uncertainties, respectively. Table 2 gives an overview of the sources of systematic
uncertainties, which are discussed in Section 7 and presents their e�ect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the fit is performed with the corresponding
nuisance parameter fixed one standard deviation up or down from the value obtained in the nominal fit,
then these high and low variations are symmetrised.

The data measurement can be compared with two types of predictions. The first, used in the definition of
the signal strength and the calculation of the expected significance, is based on the H�����7 prediction for
elastic WW ! ,, events scaled by the data-driven signal modelling correction to include the dissociative
processes and rescattering e�ects as described in Section 5.3. It is found to be

ftheo ⇥ (3.59 ± 0.15 (exp.) ± 0.39 (trans.)) = 2.34 ± 0.27 fb ,

17

This letter presents a measurement in the ,
+
,

� ! 4
±
a`

⌥
a channel that results in the observation of

photon-induced ,, production. Previously, the ATLAS and CMS Collaborations found only evidence
for WW ! ,, production with the Run-1 data, ATLAS by using 8 TeV ?? collisions [4] and CMS by
combining their 7 TeV and 8 TeV ?? collision data [5, 6].

The signal process proceeds through the ??(WW) ! ?
(⇤)
,

+
,

�
?
(⇤) reaction, where ?

(⇤) indicates that the
final-state proton either stays intact or fragments after emitting a photon. Whilst the former occurs through
a coherent photon radiation o� the whole proton without disintegration, for the latter at least one of the
photons can be considered as being radiated o� a parton in the proton. These contributions are classified as
elastic, single-dissociative, and double-dissociative ,, production. Elastic WW ! ,, production with
leptonic decays of the , bosons results in a final state containing two charged leptons and no additional
charged-particle activity. Even in the case of dissociative photon-induced production, the charged particles
from the proton remnants often fall outside the acceptance of the tracking detector.

The suppressed activity in the central region of the detector in the WW ! ,, signal gives the means to
control and significantly reduce background from quark- and gluon-induced ,, production or top-quark
production where the leptonic final state is typically produced in association with a substantial amount
of hadronic activity. The analysis therefore selects events that have no additional charged-particle tracks
reconstructed in the vicinity of the selected interaction vertex. The modelling of the hadronic activity
in quark- and gluon-induced processes, as well as uncorrelated activity from additional ?? interactions,
is constrained using same-flavour 44 and `` Drell–Yan, DY(! 44/``), events in data, reducing the
associated uncertainties by a significant amount. Background from other photon-induced processes, mainly
dilepton production WW ! ✓✓, is reduced by selecting only di�erent-flavour lepton pairs, 4`, leaving
a smaller contribution from WW ! gg production with leptonic g decays. Since the contribution from
the WW ! gg process falls o� rapidly with increasing transverse momentum of the dilepton system,
?
4`

T , it can be further suppressed by placing requirements on ?
4`

T . A fiducial cross section for the
??(WW) ! ?

(⇤)
,

+
,

�
?
(⇤) process through the decay channel ,+

,
� ! 4

±
a`

⌥
a is measured in a fit to

the number of events in several kinematic regions with di�erent signal and background contributions.

2 ATLAS detector

The ATLAS detector [7] at the Large Hadron Collider (LHC) is a multipurpose detector with a forward–
backward symmetric cylindrical geometry and nearly 4c coverage in solid angle.1 It consists of an inner
tracking detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon spectrometer.

The inner tracking detector (ID) covers the pseudorapidity range |[ | < 2.5 and is composed of three
subdetectors. The high-granularity silicon pixel detector covers the vertex region and typically provides
four measurements per track, the first hit normally being in the insertable B-layer [8, 9]. It is followed by
the silicon microstrip tracker (SCT), which usually provides eight measurements per charged-particle track.
These silicon detectors are complemented by the transition radiation tracker, which enables radially extended
track reconstruction up to |[ | = 2.0 and provides electron identification information. The resolution of
the I-coordinate of tracks at the point of closest approach to the beam line is about 0.170 mm for tracks

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the I-axis coinciding with the axis of the beam pipe. The G-axis points from the interaction point to the centre of the LHC ring,
and the H-axis points upward. The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2), and q is the
azimuthal angle around the beam pipe relative to the G-axis. The angular distance is defined as �' =

p
(�[)2 + (�q)2.

3
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Photon-induced WW :: γγà WW
σ(γγ→WW) = 3.13 ± 0.31(stat) ± 0.28(sys) fb
Observation: 8.4 σ
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Photon-Photon Scattering in Pb+Pb Collisions

Signal: two back-to-back photons
Background: mis-reconstructed electrons 
and gg à γγ via QCD

59 events w/ expected background of 12 ±
3
8.2σ observation of light-by-light 
scattering 35PRL 123 (2019) 052001 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.052001
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Polarised VBS Production

● Longitudinal VBS : key aspect of EWSB but SMALL (5-10% of W±W±jj fraction)
● Probe of unitarization mechanism and new physics!
● Challenging to observe, esp. for W±

LW±
Ljj à will require HL-LHC (more later)

● Looking into improving event selection and using machine learning to reconstruct 
kinematic properties of the W boson, as well as using hadronic W decays

2.2 Polarization
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Figure 2.2: Definition of decay angle ✓
⇤
V . Black lines (center) are depicted in frame
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with the fractions f�1, f0, and f+1 for the helicity denoted by the index. For the Z

boson some differences arise from the additional coupling to right-handed fermions [29]
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2.2.2 Spin density matrix

In order to fully describe a general spin system the helicity fractions are not sufficient.
In addition to the quantum-mechanical effects, quantum-statistical effects also have to
be taken into account.

The full spin density matrix ⇢ has to be used in order to consider these effects. A
system of two vector bosons which occurs for instance in vector boson scattering, the
density matrix ⇢

V V can be represented by a complex 9⇥9 matrix. The diagonal elements
of the density matrix ⇢ii can be interpreted as statistical probabilities to be in a certain
state. For ⇢

V V these states are the nine possible combinations of pure helicity. This
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Figure 2.3: Normalized differential distributions of the cross section over the cosine
of the decay angle of a W

+ boson (left) or Z boson (right) for bosons of given helicity.
Helicity state �1 is shown in blue, 0 in black, and +1 in green.

with the fractions f�1, f0, and f+1 for the helicity denoted by the index. For the Z

boson some differences arise from the additional coupling to right-handed fermions [29]
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2.2.2 Spin density matrix

In order to fully describe a general spin system the helicity fractions are not sufficient.
In addition to the quantum-mechanical effects, quantum-statistical effects also have to
be taken into account.

The full spin density matrix ⇢ has to be used in order to consider these effects. A
system of two vector bosons which occurs for instance in vector boson scattering, the
density matrix ⇢

V V can be represented by a complex 9⇥9 matrix. The diagonal elements
of the density matrix ⇢ii can be interpreted as statistical probabilities to be in a certain
state. For ⇢

V V these states are the nine possible combinations of pure helicity. This

11



Polarised W±W±jj Production

Using ML to improve sensitivity

38
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Probing all-hadronic W±W±jj (VBS)

Excellent channel to probe longitudinal polarisation at the LHC 

● Leveraging high branching fraction of Wàqq
● Acces to both W decay products (to access polarisation)
● Tagging two forward jets (VBS) and two V-jets

Challenges:
● Charge reconstruction
● Background suppression
● Discriminate W±W±jj VBS from QCD
● Discriminate longitudinal (WL) from transverse (WT)

(use difference in decay products w.r.t. W momentum)
Tools:
● Jet substructure techniques (grooming, n-subjettiness)
● Machine learning: DNN, GNN

τν

μν

eνHadrons
(2/3)

W DECAY FRACTIONS

Probing 
2/9 so far

39Techniques developed useful in other LHC analysis context



Looking for BSM Physics in VBS 
Topologies

40



Effective Field Theory

● Deviations from the SM are studied in the context of SMEFT
○ Model-independent way to look at new interactions of SM particles

● High sensitivity of VBS to operators generating anomalous triple (TGC) and quartic 
(QGC) gauge couplings

41
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Figure 6. Sensitivity of the combined analysis of VBS SSWW+2j, OSWW+2j, WZ+2j, ZZ+2j and
diboson WW to the dimension-six operators considered, when the remaining Wilson coefficients are
set to zero (green) or profiled away (grey). The QCD-induced EFT dependence was included where
relevant. All constraints assume a flat prior in the range (-5,5). In the profiled case, the bounds for
the operators Qll, QHD, QH⇤ are outside the shown range.

two respectively. The largest deterioration in the constraints is observed for Q(1)
ll

and Q(3)
Hl

.
This can be easily traced back to a combination of the corresponding Wilson coefficients,
approximately close to (c(3)

Hl
� c(1)

ll
), remaining nearly unconstrained in the fit. This is clearly

visible in Figs. 7 and 8 and further discussed below.

5.3 Two-dimensional constraints

In this section we discuss constraints obtained allowing two operators to vary at the same
time, fixing the remaining ones to zero. The analysis follows a strategy analogous to the
one employed for the individual studies, as described in Sections 3 and 5.1. As above, EFT
contributions to QCD-induced components of the VBS processes are accounted for in the fit,
whenever pertinent. The list of optimal observables employed for each channel and operator
pair is provided in Tables 6–10 in Appendix A. Figures 7 and 8 show a subset of the likelihood
scans obtained. The first figure illustrates the interplay between different processes for fixed
operator pairs, while the second compares the combined sensitivity among all operator pairs
containing Q(3)

Hq
and Q(3)

Hl
(the operator Qll was excluded due to lack of sensitivity). The

– 22 –

VBSCAN-PUB-05-21

https://arxiv.org/abs/2108.03199


Georgi-Machacek model

Higgs triplet extension: one real and one complex triplet
● Tree-level H± WZ coupling and doubly charged Higgs: H±±

● Fermiophobic quintuplet under custodial symmetry 
with H, H±, and H±± physical states

42

Nucl.Phys.B 262 (1985) 463-477

https://www.sciencedirect.com/science/article/abs/pii/0550321385903256


Origin of mass in the SM

Masses of charged fermions: Yukawa-like 
interactions with Higgs field
● Observed at the LHC
● On-going efforts for precision, CP tests…

43

But mechanism behind mass of neutrinos (neutral 
fermions) remains unclear
● No right-handed ν in SM – no Higgs coupling
● From neutrino oscillation measurements: mν > 0
● Much larger mixing compared to quarks



Neutrino-less double β decay (0νββ)

0νββ implies effective Majorana mass terms mχχ
● Direct probe of new mass generation mechanism
● ΔL = 2 : source of matter-antimatter asymmetry

LHC focus has so-far been on s-channel production of
heavy ν (100 GeV – 1 TeV)
● Final state corresponding to t-channel not covered
● 2 jets, 2 SS e/μ/τ, no Etmiss à similar to W±W ± jj
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Phys. Rev. D 25, 2951 (1982) JHEP 1106 (2011) 091

Phys. Lett. B 798 (2019) 134942 JHEP 01 (2019) 016 JHEP01(2019)122

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.25.2951
https://link.springer.com/article/10.1007/JHEP06(2011)091
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-18/
https://link.springer.com/article/10.1007/JHEP01(2019)122


Neutrino-less double β decay (0νββ)

● GERDA = 0νββ experiment → electrons only
● EWPD = Z invisible width measurement at LEP
● 0νββ-like at LHC contributes for MN > 1 TeV
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experiments at the intensity frontier. Figures 3–5 show the current constraints and some future projections on
sterile neutrinomixingwith the electron,muon and tau neutrinos, respectively. In these plots, the (gray)
contour labeled ‘BBN’ corresponds to a heavy neutrino lifetime 1> s, which is disfavored by BBN constraints
[155–157]. The (brown) line labeled ‘seesaw’ shows the scale ofmixing as expected in the canonical seesaw (cf

Figure 3. Limits on themixing between the electron neutrino and a single heavy neutrino in themass range 100 MeV–500 GeV. For
details, see text.

Figure 4. Limits on themixing between themuon neutrino and a single heavy neutrino in themass range 100 MeV–500 GeV. For
details, see text.

Figure 5. Limits on themixing between the tau neutrino and a single heavy neutrino in themass range 100 MeV–500 GeV. For details,
see text.
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Prospects for VBS at HL-LHC
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W±W±jj EW Production at the HL-LHC

● 5-10% of W±
LW±

Ljj fraction
● Probe of unitarization mechanism and new physics!
● Need ATLAS+CMS to measure (w/o new techniques)
● Using ML & hadronic decays

ATL-PHYS-PUB-2018-052

Δφ(jj)

NNθcos
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Phys. Rev. D 93, 094033 (2016)
(Simulation)

+ Prospects studies @ FCC-hh and muon collider (opposite-sign WWjj)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-052/


Probing the Higgs self-coupling

● VBS topology can be used to look at higher-order processes
● Higgs self-coupling accessible via pp à VVhjj

○ H à bb mode most promising
● Lepton channel viable @ HL-LHC

○ Semi-leptonic / hadronic might be probed before

48Phys. Rev. Lett. 123, 181801

HL-LHC (conservative) constraints 
on Higgs self-coupling competitive
with hh measurements

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801


An Event at the HL-LHC
Much higher pile-up: <µ> = 140-200



Coping with challenging conditions

Multiple interactions (pile-up, PU) are a challenge
● W±W±jj: forward jets from the hard-scatter primary vertex 
● Pile-up causes forward “pile-up” jets (QCD and stochastic)

○ Increases background contribution
Lack of particle tracking coverage in the forward region 
makes it more difficult to identify/suppress jets

New reach with ITk

At the High-Luminosity 
LHC: 5x more pile-up
• ATLAS Inner Tracker 

(ITk) upgrade with 
extended tracking 
coverage



z0 resolution [μm] vs pT and η

Photon-induced WW :: γγà WW @ HL-LHC

51nominal systematic on the background of 12%

Extended Tracking 
unused at low-pT

Low-pT tracking



Improved tracking to handle high pile-up
● Timing detectors promising to improve tracking 

under high pile-up conditions
○ Using time-wise association of tracks to 

primary interaction vertex
○ Low-Gain Avalanche Detectors (LGADs) have a 

time resolution down to 30 ps
● ATLAS & CMS will have LGAD timing layers, but not 

near the collision point (not radiation hard enough)
○ Must go further: sensor R&D for 4D tracking in the 

whole tracker (e.g. 3D silicon designs)

6

Motivation for HGTD ATLAS HGTD TDR

• With 1.44 vertices/mm ⟹ < 0.5 mm ITk resolution
• ITk will only perform up to |h| ~2-2.7
• HGTD can assign time to each track 2.7 < |h| <4.0
• 30-50 ps time resolution per track will give ~x6 pile-up rejection

M.P. Casado VERTEX 2021 – 30.09.2021

4D tracking: position (3D) + time

• ATLAS will be upgraded early/mid 2030’s: replacement of two innermost layers
• Opportunity to develop new technologies for fast silicon sensors (4D tracking)

• Also useful for future colliders (esp. FCC-hh, but also CEPC or FCC-ee)
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ϮD optimization plot – 0.ϱй binning

7E. ڧ. G2022 / 3 / 3ێۄێېۊۆۂېۊۆ

● Promising timing behaviour of 3D sensors
○ Better radiation hardness than LGADs

3D sensor timing

Tesƚed Deǀices

• Process: 2¬sided
• Substrate: high Z� p¬type FZ Silicon� �´ wafers
• Thickness: È 2�0 um
• Run: CNM ��3�¬11
• Pixel Geometry: �0 x �0 um� 1E� single cell
• Capacitance: È�0 « 100 pF per cell

•3D SHQVRUV IRU WLPLQJ
ϯD Sensors: Decoupling of charge generation and drift volume

(Sƚandard colƵmnƐ͕ TimeSpoƚ͕ Heǆ geomeƚrieƐ ect.)

Pros
• High radiation tolerance up to several times 101ϲ neq/cmϮ

• Short drift distances with fast rise times
• Reduced Landau fluctuation, practically non-existent for perpendicular 

tracks
Cons
• Non-uniform field geometry 
• High cost
• Increased cell capacitance

3E. ڧ. G2022 / 3 / 3ێۄێېۊۆۂېۊۆ

CNM double sided n-on-p, ϱ0 x ϱ0 μm

Ϯϴ0μm
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V. Gkougkousis, 17th ”Trento” Workshop, March 2-4, 2022

3D timing 
behind by 
> 60 ps

Tesƚed Deǀices

• Process: 2¬sided
• Substrate: high Z� p¬type FZ Silicon� �´ wafers
• Thickness: È 2�0 um
• Run: CNM ��3�¬11
• Pixel Geometry: �0 x �0 um� 1E� single cell
• Capacitance: È�0 « 100 pF per cell

•3D SHQVRUV IRU WLPLQJ
ϯD Sensors: Decoupling of charge generation and drift volume

(Sƚandard colƵmnƐ͕ TimeSpoƚ͕ Heǆ geomeƚrieƐ ect.)

Pros
• High radiation tolerance up to several times 101ϲ neq/cmϮ

• Short drift distances with fast rise times
• Reduced Landau fluctuation, practically non-existent for perpendicular 

tracks
Cons
• Non-uniform field geometry 
• High cost
• Increased cell capacitance

3E. ڧ. G2022 / 3 / 3ێۄێېۊۆۂېۊۆ

CNM double sided n-on-p, ϱ0 x ϱ0 μm

Ϯϴ0μm

https://indico.cern.ch/event/1096847/contributions/4743685/


The Start of a Long Journey
These sets of results using Run-2 
data are ony the beginning…

As we learned to understand the 
backgrounds and signal, we can 
proceed with further probes:
v Differential distributions
v Probing polarisation

But we will need the HL-LHC for high 
precision measurements and 
observation of polarisation
v Improved analysis techniques 

(ML, hadronic decays)
v Timing for HL-LHC

Stay tuned on this exciting field!
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ADDITIONAL MATERIAL
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ZZjj Production :: Event Selection
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VVjj Production :: Event Selection
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Table 1: Summary of the event selection in the 0-, 1- and 2-lepton channels.
Selection 0-lepton 1-lepton 2-lepton

Trigger Emiss
T triggers Single-electron triggers Single-lepton triggers

Single-muon or Emiss
T triggers

Leptons 0 ‘loose’ leptons 1 ‘tight’ lepton with pT > 27 GeV 2 ‘loose’ leptons with pT > 20 GeV
with pT > 7 GeV 0 ‘loose’ leptons with pT > 7 GeV � 1 lepton with pT > 28 GeV

Emiss
T > 200 GeV > 80 GeV –

m``
– – 83 < mee < 99 GeV

(�0.0117 ⇥ pµµT + 85.63 GeV) < mµµ < (0.0185 ⇥ pµµT + 94 GeV)

Small-R jets pT > 20 GeV if |⌘ | < 2.5, and pT > 30 GeV if 2.5 < |⌘ | < 4.5

Large-R jets pT > 200 GeV, |⌘ | < 2

Vhad ! J V boson tagging, min(|mJ � mW |, |mJ � mZ |)

Vhad ! j j 64 < mj j < 106 GeV, j j pair with min(|mj j � mW |, |mj j � mZ |), leading jet with pT > 40 GeV

Tagging-jets j < Vhad, not b-tagged, �R(J, j) > 1.4
⌘tag, j1 · ⌘tag, j2 < 0, mtag

j j > 400 GeV, pT > 30 GeV

Num. of b-jets – 0 –

Multijet removal

pmiss
T > 50 GeV

– –��( ÆEmiss
T , Æpmiss

T ) < ⇡/2
min[��( ÆEmiss

T , small-R jet)] > ⇡/6
��( ÆEmiss

T ,Vhad) > ⇡/9

9
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Table 4: Fiducial phase-space definitions used for the measurement of electroweak VV j j production.

Object selection

Leptons pT > 7 GeV, |⌘ | < 2.5
Small-R jets pT > 20 GeV if |⌘ | < 2.5, and pT > 30 GeV if 2.5 < |⌘ | < 4.5
Large-R jets pT > 200 GeV, |⌘ | < 2.0

Event selection

Leptonic V selection

0-lepton Zero leptons, p⌫⌫T > 200 GeV
1-lepton One lepton with pT > 27 GeV, p⌫T > 80 GeV

2-lepton Two leptons, with leading (subleading) lepton pT > 28 (20) GeV
83 < m`` < 99 GeV

Hadronic V selection

Merged One large-R jet, min(|mJ � mW |, |mJ � mZ |)

64 < mJ < 106 GeV

Resolved
Two small-R jets, min(|mj j � mW |, |mj j � mZ |)

pj1
T >40 GeV, pj2

T >20 GeV
64 < mj j < 106 GeV

Tagging-jets Two small-R non-b jets, ⌘tag, j1 · ⌘tag, j2 < 0, highest mtag
j j

mtag
j j > 400 GeV, ptag, j1,2

T > 30 GeV

Number of b-jets

0-lepton –
1-lepton 0
2-lepton –

performance seen in data. These corrections have associated uncertainties of the order of 1%. Uncertainties
in the lepton energy (or momentum) scale and resolution [62, 89] are also taken into account.

Uncertainties in the jet energy scale and resolution for small-radius jets are estimated using MC simulation
and in situ techniques [66]. For central jets (|⌘ | < 2.0), the total uncertainty in the jet energy scale ranges
from about 6% for jets with pT = 25 GeV to about 2% for pT = 1 TeV. There is also an uncertainty in the
jet energy resolution [66], which ranges from 10% to 20% for jets with a pT of 20 GeV to less than 5% for
jets with pT > 200 GeV. Uncertainties in the lepton and jet energy scales and resolutions are propagated
into the uncertainty in Emiss

T . Uncertainties in the energy scale and resolution of the track soft term are
also propagated into the uncertainty in Emiss

T [79]. For the b-tagging e�ciency of small-R jets, correction
factors are applied to the simulated event samples in order to compensate for di�erences between data and
simulation. The corrections and uncertainties in the e�ciency for tagging b-jets and in the rejection factor
for light jets are determined from tt̄ samples [90, 91].

The uncertainties in the scale of the large-R jet pT, mass and D(�=1)
2 are of the order of 2–5%. They

are estimated using comparisons of data and simulation in Ref. [78]. An absolute uncertainty of 2% is
assigned to the large-R jet energy resolution, and relative uncertainties of 20% and 15% are assigned to the
resolution of the large-R jet mass and D(�=1)

2 , respectively.

The overall normalization of the main backgrounds (W+ jets, Z + jets and tt̄) is determined from the

16
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Table 5: The distributions used in the global likelihood fit for the signal regions and control regions for all the
categories in each channel. “One bin” implies that a single bin without any shape information is used in the
corresponding fit region.

Regions Discriminants

Merged high-purity Merged low-purity Resolved

0-lepton SR BDT BDT BDT
VjjCR mtag

j j mtag
j j mtag

j j

1-lepton
SR BDT BDT BDT
WCR mtag

j j mtag
j j mtag

j j

TopCR One bin One bin One bin

2-lepton SR BDT BDT BDT
ZCR mtag

j j mtag
j j mtag

j j

The test statistic qµ is defined as the profile likelihood ratio [100], qµ = �2 ln⇤µ with⇤µ = L(µ, ˆ̂✓µ)/L(µ̂, ✓̂),
where µ̂ and ✓̂ are the values of the parameters that maximize the likelihood function (with the constraint
0 µ̂  µ), and ˆ̂✓µ are the values of the nuisance parameters that maximize the likelihood function for a
given value of µ. The best-fit signal strength µ̂ value (µobs

EWVV j j) is obtained by maximizing the likelihood
function with respect to all parameters. To determine whether the observed data is compatible with the
background-only hypothesis, a test statistic q0 = �2 ln⇤0 is used.

10 Results

10.1 Results for the EW VV j j production processes

Figures 2 and 3 show a selection of representative post-fit distributions of input variables that are most
discriminating for each of the lepton channels, for the merged and resolved categories, respectively.
Background and EW VV j j signal contributions shown are obtained from the signal-plus-background fits
described previously.

The observed distributions of the BDT outputs in SRs used in the global likelihood fit are compared with the
predictions, shown in Figure 4 for the 0-lepton channel, Figure 5 for the 1-lepton channel, and Figure 6 for
the 2-lepton channel. The data distributions are reasonably well reproduced by the predicted contributions
in all cases, with the smallest p-value of 0.16 from the �2 test [101] being for the mtag

j j distribution in the
merged high-purity ZCR. The numbers of events observed and estimated in the SRs are summarized in
Table 6 for the 0-lepton channel, Table 7 for the 1-lepton channel, and Table 8 for the 2-lepton channel.
The fitted value of the signal strength is

µobs
EWVV j j = 1.05+0.42

�0.40 = 1.05 ± 0.20(stat.)+0.37
�0.34(syst.).

The background-only hypothesis is excluded in data with a significance of 2.7 standard deviations, compared
with 2.5 standard deviations expected.
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Probing VBF and VBS :: What we measure
Cannot directly measure VBF/VBS

○ Significant interference with other diagrams with same order in 
○ Extracting VBF/VBS component is not gauge invariant
○ We can only measure electroweak production of VVjj (VBS) or Vjj (VBF)
○ Moreover, QCD/strong production is much larger than EW (excl. W±W±jj)

region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. ATLAS uses a right-handed
coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the
z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The
angular distance between two physics objects is measured in units of �R ⌘

p
(�⌘)2 + (��)2. The ATLAS

detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
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(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. ATLAS uses a right-handed
coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the
z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The
angular distance between two physics objects is measured in units of �R ⌘
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detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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