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Probing VBS :: Motivation

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

○ Understanding Electroweak Symmetry Breaking
○ Probing BSM physics

Measurements at the LHC:
● Fiducial and differential cross-sections
● Looking for anomalous couplings (EFT)
● Probing EW boson polarisation
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Probing VBS :: What we measure
Cannot directly measure VBF/VBS

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

p
(�⌘)2 + (��)2. The ATLAS

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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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

4Karolos Potamianos, University of Oxford OFFSHELL - 6 July 2021

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

https://arxiv.org/abs/1412.8367


Advantages of probing W±W±jj
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Electroweak VBS Production and W ±W ±jj

Carsten Bittrich 
IKTP, TU Dresden !3

VBS Process Definition

/ 19Recent VBS Results From ATLAS 
27.11.2018

3 Electroweak Gauge Boson Scattering

Table 3.1: Feynman diagrams of diboson production in association with two jets at tree
level. Although this is supposed to be a complete list, some diagrams are understood as
representations of a whole set of diagrams with e.g. one final state gauge boson moved
to another leg. If not required in order to construct a well-defined Feynman diagram, the
possible decay products of the final state gauge bosons are not shown for simplicity.
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3.2.2 Next-to-Leading Order in Perturbation Theory

Di�erences between the SM simulations and the experimental observations might be misinter-
preted as phenomena of new physics if higher orders in the perturbation theory are contributing
and are not fully taken into account. Calculations and simulations of leading order electroweak
and strong V Vjj production processes are available in various event simulation frameworks
(see Section 5.2). At next-to-leading order, they are not finished at the time of this work.

A visualization of the contributions to virtual next-to-leading order corrections is shown in
Table 3.2. Each process is represented by a typical Feynman diagram. Real emissions and
counter terms are needed in addition to regularize infrared and collinear divergencies. Details
can be found in the following literature summarized in Table 3.3.
V Vjj-EW and V Vjj-QCD processes have been calculated and theoretically studied at next-

to-leading order in perturbative QCD. The publications are summarized in Table 3.3. Pure
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not in WZjj

not in ssWW

W±W±jj Production:

I W±W±jj has the largest ratio of EW to QCD production rate

I Allows probing longitudinally polarized W boson production (see talk by A. Savin)

K. Potamianos (DESY) ATLAS EW VBS May 24, 2019 5 / 21

● When VV = W±W±, some production 
modes are forbidden, yielding a 
large σEW/σQCD ratio

● Same-charge requirement helps 
reducing backgrounds (e.g. tt)
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ATL-PHYS-PUB-2021-005
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Among smallest cross-sections 
measured at the LHC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-005


How does VBS look like ?
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Two forward particle ”jets”

• Two charged leptons (e and µ) from 
central W à lν

• Energy imbalance (ν)
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Observed using 36 fb-1 of LHC data by both ATLAS and CMS

Status of W±W±jj at the LHC
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W±W±jj (36 fb-1): 6.5σ
PRL 123 (2019) 161801

4

is performed with a fit to the (mjj,m``) two-dimensional distributions. The fit is performed
simultaneously in the signal region and in the WZ control region, although only the mjj distri-
bution is used in the latter region. The aim of using the WZ control region is to determine the
number of WZ background events in the signal region as a function of mjj. The lepton flavor is
not used to separate event samples. The EW signal yield and the WZ background normaliza-
tion are free parameters of the fit. All background contributions can vary within the estimated
uncertainties. The data excess is quantified by calculating the p-value using a profile likeli-
hood ratio test statistic [31–33]. The observed (expected) statistical significance of the signal is
5.5 (5.7) standard deviations. The ratio of measured signal event yield to that expected from
the SM is 0.90 ± 0.22.

Table 1: Estimated signal and background yields after the selection. The statistical and system-
atic uncertainties are added in quadrature. The processes contributing to less than 1% of the
total background are not listed, but included in the total background yield.

Data 201
Signal + total bkg. 205 ± 13
Signal 66.9 ± 2.4
Total bkg. 138 ± 13
Nonprompt 88 ± 13
WZ 25.1 ± 1.1
QCD WW 4.8 ± 0.4
Wg 8.3 ± 1.6
Triboson 5.8 ± 0.8
Wrong sign 5.2 ± 1.1
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.

The cross section is extracted in a fiducial signal region, defined using MC generator quantities
by requiring two same-sign leptons from W boson decays with p

`
T > 20 GeV and |h`| < 2.5,

two jets with p
j

T > 30 GeV and |h j| < 5.0, mjj > 500 GeV, and |Dhjj| > 2.5. In this defini-
tion, the leptons are defined at particle level post final state radiation and W ! tn ! `nnn

W±W±jj (36 fb-1): 5.5σ
Phys. Rev. Lett. 120, 081801 (2018)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06
https://arxiv.org/abs/1709.05822


Status of WL
±WL

±jj at the LHC
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Figure 2: Generator level distributions of Dfjj (upper), Df`` (center), and m`` (lower) in the
fiducial region for the W±

L W±

L , W±

L W±

T , and W±

T W±

T processes with the helicity eigenstates
defined in the parton-parton (left) and W±W± (right) center-of-mass reference frames. The
distributions are normalized to unit area. The error bars represent the uncertainties associated
with the limited numbers of simulated events.

Phys. Lett. B 812 (2020) 136018
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Table 6: Measured fiducial cross sections for the W±

L W±

L and W±

X
W±

T processes, and for the
W±

L W±

X
and W±

T W±

T processes for the helicity eigenstates defined in the W±W± center-of-mass
frame. The combination of the statistical and systematic uncertainties is shown. The theoretical
predictions including the O(aSa6) and O(a7) corrections to the MADGRAPH5 aMC@NLO LO
cross sections, as described in the text, are also shown. The theoretical uncertainties include
statistical, PDF, and LO scale uncertainties; B is the branching fraction for WW ! `n`0n [55].

Process s B (fb) Theoretical prediction (fb)
W±

L W±

L 0.32+0.42
�0.40 0.44 ± 0.05

W±

X
W±

T 3.06+0.51
�0.48 3.13 ± 0.35

W±

L W±

X
1.20+0.56

�0.53 1.63 ± 0.18
W±

T W±

T 2.11+0.49
�0.47 1.94 ± 0.21

Table 7: Measured fiducial cross sections for the W±

L W±

L and W±

X
W±

T processes, and for
the W±

L W±

X
and W±

T W±

T processes for the helicity eigenstates defined in the parton-parton
center-of-mass frame. The combination of the statistical and systematic uncertainties is
shown. The theoretical predictions including the O(aSa6) and O(a7) corrections to the MAD-
GRAPH5 aMC@NLO LO cross sections, as described in the text, are also shown. The theoretical
uncertainties include statistical, PDF, and LO scale uncertainties; B is the branching fraction for
WW ! `n`0n [55].

Process s B (fb) Theoretical prediction (fb)
W±

L W±

L 0.24+0.40
�0.37 0.28 ± 0.03

W±

X
W±

T 3.25+0.50
�0.48 3.32 ± 0.37

W±

L W±

X
1.40+0.60

�0.57 1.71 ± 0.19
W±

T W±

T 2.03+0.51
�0.50 1.89 ± 0.21

center-of-mass energy of 13 TeV collected by the CMS detector at the LHC, corresponding to
an integrated luminosity of 137 fb�1. Events are selected by requiring exactly two same-sign
leptons (electrons or muons), moderate missing transverse momentum, and two jets with a
large rapidity separation and a high dijet mass. Boosted decision trees are used to separate be-
tween the polarized scattering processes by exploiting the kinematic differences. An observed
(expected) 95% confidence level upper limit on the production cross section for longitudinally
polarized same-sign W±W± boson pairs of 1.17 (0.88) fb is reported with the helicity eigen-
states defined in the W±W± center-of-mass reference frame. The electroweak production of
the W±W± boson pairs where at least one of the W bosons is longitudinally polarized is mea-
sured with an observed (expected) significance of 2.3 (3.1) standard deviations. Results are also
reported with the polarizations defined in the parton-parton center-of-mass reference frame.
The measured cross section values agree with the standard model predictions.
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uncertainties.

The fiducial cross section measurements for the W±

L W±

X
and W±

T W±

T processes are extracted
from a separate fit including the corresponding signal BDT. The measurements and the theo-
retical predictions are summarized in Table 6. The significance of the measured W±

L W±

X
yield is

quantified using background-only hypothesis, i.e., assuming no contribution from the W±

L W±

X

process, under the asymptotic approximation [67] and corresponds to 2.3 standard deviations.
The expected significance is evaluated with an Asimov data set [67] and corresponds to 3.1
standard deviations.
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Figure 5: Profile likelihood scan as a function of the W±

L W±

L cross section. The red (blue) line
represents the expected values in the background-only hypothesis, i.e., assuming no contribu-
tion from the W±

L W±

L process, considering all systematic uncertainties (only statistical ones).
The green line shows the expected values for the signal-plus-background hypothesis. The ob-
served values are represented by the black line.

The measurements are also performed for the polarized observables defined using the helicity
eigenstates in the initial state parton-parton center-of-mass reference frame. Defining the po-
larization vectors in the parton-parton center-of-mass reference frame changes the respective
contributions of W±

L W±

L , W±

L W±

X
and W±

X
W±

T , and the distributions of the input observables
sensitive to the polarization [68]. The fiducial cross section measurements and the theoreti-
cal predictions are summarized in Table 7. The observed (expected) 95% CL upper limit of
the production cross section is 1.06 (0.85) fb for the W±

L W±

L process. The observed (expected)
significance of the W±

L W±

X
process is 2.6 (2.9) standard deviations.

9 Summary
The first measurements of production cross sections for polarized same-sign W±W± boson
pairs are reported. The measurements are based on a sample of proton-proton collisions at a
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Figure 4: Distributions of the output score of the signal BDT used for the W±

L W±

L and W±

X
W±

T
cross section measurements (left) and of the output score of the signal BDT used for the W±

L W±

X

and W±

T W±

T cross section measurements (right). The predicted yields are shown with their best
fit normalizations from the simultaneous fit. The histograms for the W±W± process include
the contributions from the W±

L W±

L , W±

L W±

T , and W±

T W±

T processes (shown separately as solid
lines), QCD W±W±, and interference. The histograms for other backgrounds include the con-
tributions from double parton scattering, VVV, and from oppositely charged dilepton final
states from tt, tW, W+W�, and Drell–Yan processes. The bottom panel in each figure shows
the ratio of the number of events observed in data to that of the total SM prediction. The gray
bands represent the uncertainties in the predicted yields. The vertical bars represent the statis-
tical uncertainties in the data.

https://arxiv.org/abs/2009.09429


Projections for the HL-LHC

● Large pool of events
● Expecting few percent 

precision on σ(ppàW± W±jj)

10Karolos Potamianos, University of Oxford OFFSHELL - 6 July 2021 CERN-LPCC-2018-03

600 800 1000 1200 1400 1600 1800 2000
 (GeV)jjm

0

1000

2000

3000

4000

5000

Ev
en

ts
/b

in

Phase-2 Simulation PreliminaryCMS  (14 TeV)-13 ab

WW(EWK)
WW(QCD)
tt

WZ
γW

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

 [GeV]jjm

100

200

300

400

500

600

700

E
n
tr

ie
s 

/ 
1
0
0
 G

e
V

jj (EW)±W±W

jj (QCD)±W±W

WZ+ZZ

Charge Mis-ID

Jets faking electrons

Tribosons

Other non-prompt

ATLAS Simulation Preliminary
-1=14 TeV, 3000 fbs

jj±W± W→pp 

Fig. 14: The distribution of the invariant mass of the two leading jets after the selection requirements for
an integrated luminosity of 3000 fb�1, for CMS (left) and ATLAS (right).
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Fig. 15: The estimated uncertainty of the EW W±W± cross section measurement as a function of
the integrated luminosity, for CMS (left), only statistical and experimental systematic uncertainties are
considered, and ATLAS (right).

section for jet pT > 50GeV. The difference in azimuthal angle between the two leading jets, ��jj , has
the potential for discriminating the LL component of the VBS scattering from TT and LT contributions.
Since the signal-to-background separation for the EW W±W±jj process improves with increasing mjj

as shown in Fig. 14 (left), the ��jj distributions are studied in two ranges of mjj : for 500-1100 GeV
and above 1100 GeV. Figure 17 shows the combination of signal and background yields as a function
of ��jj for high mjj regions. Using a simultaneous fit to two mass regions8, the significance for the
observation of the LL process is estimated as a function of integrated luminosity. The significance
is found to be up to 2.7 standard deviations for L = 3000 fb�1. The gradual improvement of signal
significance as a function of integrated luminosity is shown in Fig. 18 right. A combination of ATLAS
and CMS results, using fully simulated ATLAS events and improved electron efficiency, is expected to
reach an expected significance of 3 standard deviations with 2000 fb�1 per experiment. In addition,

8The low mjj region serves to constrain the tt̄/fake background.
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Table 5: CMS expected yields for signal and background contributions for L = 3000 fb�1.

Process Expected yield, L = 3000 fb�1

W±W± (QCD) 196
tt̄ 5515
WZ 1421
W� 406
Total Background 7538
Signal W±W± (EW) 5368

Table 6: The ATLAS expected signal and background event yields after the optimised full event selection
for a corresponding integrated luminosity of L=3000 fb�1. Events tagged as either "charge misidentifi-
cation" or "jets faking leptons" are summed for all background samples and combined into a single entry
each in the table. Remaining events are listed separately per process. Both QCD and EW production of
WZ processes are included in the diboson background.

Process All channels µ±µ± e±e± µ±e± e±µ±

W±W±jj(QCD) 168.7 74.6 19.7 32.2 42.2
Charge Misidentification 200 0.0 11 30 160
Jets faking electrons 460 0.0 130 260 70
WZ + ZZ 1286 322 289 271 404
Tribosons 76 30.1 9.6 15.1 21.6
Other non-prompt 120 29 16.6 50 19
Total Background 2310 455 480 660 710
Signal W±W±jj(EW) 2958 1228 380 589 761

and µµ), while ATLAS uses eight channels by lepton flavour and charge (e+e+, e�e�, e+µ+, e�µ�,
µ+e+, µ�e�, µ+µ+, µ�µ�).

The experimental uncertainties, statistical and systematic, in the CMS analysis contribute to a total
uncertainty on the signal strength of 3.2% for 3000 fb�1. Including a theoretical uncertainty of 3% and
an uncertainty on the luminosity of 1%, the total uncertainty reaches a value of 4.5% for 3000 fb�1. For
the ATLAS analysis experimental systematics on the trigger, leptons, jets, and flavour tagging are taken
from the 13 TeV analysis unchanged, while for the baseline estimation, rate uncertainties on the back-
grounds are halved. An "optimistic" set of uncertainties is also presented, where the uncertainties on the
non-data-driven backgrounds are aggressively reduced. The total uncertainty is presented in Fig. 15 as a
function of the integrated luminosity. The values of L exceeding 3000 fb�1are an estimation of a combi-
nation of the measurements from CMS and ATLAS, effectively doubling the total integrated luminosity.

The total W±W±jj VBS cross section can be decomposed into the polarized components based
on the decays of the individual W bosons. Either or both can be longitudinally (L) or transversely (T)
polarized, giving rise to final states of LL, TT as well as the mixed state LT (with TL combination
implied). The LL component, W±

L W±
L jj, is expected to be only about 6-7% of the total VBS cross
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Projections for the HL-LHC for WL
±WL

±jj

● Longitudinal polarisation
can be probed at HL-LHC

● ~3σ per experiment using
leptonic decays (e, μ) and
assuming limited analysis
improvements

● Unfortunately, that’s
not enough
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recent studies [365] have shown that advances in machine learning can also improve the prospects for
the measurement of the W±

L W±
L jj process.
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Fig. 17: Distribution of the azimuthal angle difference between two leading jets for dijet invariant mass
above 1100 GeV.

4.2.2 High Order corrections in VBS W±W± production9

The expected experimental precision in the measurement of VBS processes offers great opportunities to
probe the electroweak (EW) sector and its associated symmetry breaking mechanism (see Refs. [134,
366, 367] for 100TeV-collider studies). Therefore, it is of prime importance to make precise theoretical
predictions available for the future operation of the LHC. In this contribution, predictions for NLO EW
corrections are provided for the LHC running in its high-luminosity and high-energy configurations.
The HL set-up corresponds to a centre-of-mass energy of 14TeV while the HE one refers to 27TeV.

9Contribution by A. Denner and M. Pellen.
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Improvements in the leptonic channel

● Inferring cos θW*

using DNN

● Separating LL from TT, TL/LT using kinematic properties
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2.2 Polarization
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Figure 2.2: Definition of decay angle ✓
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V . Black lines (center) are depicted in frame

used for definition of helicity, i. e. laboratory frame. Blue lines (upper right side)
are boosted along W

± boson’s momentum to W
± rest frame. Green lines (lower left

side) are defined similarly for Z boson.
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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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W±W±jj at the (HL-)LHC :: Opportunities

● Untapped potential: not leveraging hadronic decays of the W bosons
○ Access to full event kinematics (no neutrinos) to extract W boson polarisation
○ Usually used in BSM searches, but have also benefit for SM processes

● Increased luminosity provides large event pool

13Karolos Potamianos, University of Oxford OFFSHELL - 6 July 2021

EW W±W±jj event yields

ATLAS 
Run-2
(2014-
2018)

Run-3 
(2021-
2024*)

HL-LHC

Integrated Luminosity 140 fb-1 250-300 fb-1 2500-3000 
fb-1

Leptonic (l = e, µ) 232 420-500 4200-5000

Longitudinal (VLVL) 
(leptonic) 16 30-35 300-350

Hadronic (εHAD = 10% εLEP) 348 630-750 6300-7500
VLVL (hadronic, εHAD = 10% 
εLEP)

24 44-52 440-520

τν
μν
eν

Hadrons
(2/3)

W Decay Fractions

Only 
looking at 

2/9 of 
decays



Challenges in probing VBS at HL-LHC

● Pile-up increase from 50 to 200 means challenge to maintain or improve 
signal acceptance 

● Needs better pile-up mitigation, jet resolution and quark-gluon jet separation
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A proton-proton collision in all its glory, from 10-20 m up to ~1 m

(not to scale!)

Jets

Challenges
• Jets are very complex: detailed jet

substructure studies and deep learning 
required to extract W boson charge and 
polarization

• Huge backgrounds from QCD processes: 
need quark-gluon jet discrimination, and 
use event properties (e.g., color flow)

• Techniques to be used to improve 
measurements of other processes 
involving W bosons



Event-based DNN

● MG3.1 + Herwig (Dipole Shower) + Delphes (HL-LHC card)
● Does not take pile-up into account
● Using only jet {pT, Eta, Phi, Area} :: Good but not enough
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11

ordered in layers. The nodes are called neurons, following the biological interpretation, that
have to reach a potential z in order to be activated.

A basic structure is shown in Figure 3.2. The circles on the left represent the input neurons, all
together they build the input layer. The circle on the right denotes the output neuron1 building
the output layer. The layers in between are called hidden layers. The weighted connections
between the layers show how strongly the neurons of the previous layer influence the neurons
in the next layer. Additionally each neuron has a specific bias, that gives a threshold on when
the neuron should become activated. A NN is called fully connected or dense, if all neurons in
each layer are connected to all neurons in the next layer, as shown in Figure 3.2.

The output of a neuron is the output of an activation function  where its input is the weighted
sum of the input vectors, like it is shown in Figure 3.3. Which function is used depends on
the neuron being in the output or hidden layer. Most common activation functions  are: the
sigmoid function �, the ReLU function, the tanh and the softmax function. Depending on how
fast a NN shall be trained and what kind of task the output neuron(s) have to do, activation
functions  perform quite differently. Usually a ReLU function is used in the hidden layers
and a sigmoid or softmax function in the output layer. A more detailed summary including the
definitions and a graphical visualisation of activation functions can be found in the appendix
A.1.

A NN is trained in two main steps: First we compute the output of the network, via computing
the activation of each neuron as shown in figure 3.3, then we use gradient descent with back-
propagation to update the parameters, which are the weights and biases. This explanation
follows the main steps outlined in [22].

To compute the output or activation a of a NN we have to keep track in which layer l the
neuron is:

1There can be more than one output neuron.

Figure 3.2: Terminology and structure of a Neural Network. Graphic taken from [22].



Differentiating WL from WT
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Figure 8.2: Top: WL (Left) and WT (Right) decay products are respectively preferentially aligned parallel or anti-parallel to the
W momentum, leading to a symmetric (for WL) or asymmetric (for WT ) pT between sub-jets or overlapping partons (in the lab
frame). Lower: Soft Drop (SD) mass as a function of the “N-subjettines” variable ⌧21 for WL (Left) and WT (Right). Transversely
polarized vector bosons (right) more frequently get reconstructed with a mass of zero and a 1-prong like substructure (i.e. larger ⌧21
values) due to its decay products being emitted anti-parallel to the W momentum and falling out of the jet cone during the grooming
process [171, 172].

2!2 scattering of EW bosons is a direct probe of the quartic
gauge coupling, a way to probe the Higgs coupling without the
Higgs boson [173], and a way to indirectly look for BSM sig-
natures [174, 175, 176].

Of especially high interest is a study of the polarization frac-
tion in VBS events, as these are sensitive to BSM enhance-
ments [175]. At scattering energies that are large compared
to weak boson masses, VBS can probe BSM interactions that
mainly couple to longitudinally polarized vector bosons. With
90% of SM VBS events being of the WT WT -type (for MVV >
250 GeV), SM WT WT becomes an irreducible background when
attempting to look for enhancement e↵ects in the longitudinal
channel. It is therefore desirable to discriminate transversely
polarized vector bosons from longitudinally polarized vector
bosons. Reconstructing the vector boson polarization is di�cult
in leptonic final states due to the missing four-vector of final-
state neutrinos. One solution would be to use the all-hadronic
final state, where all the final state particles are visible. In addi-
tion, the large branching ratio of W ! qq̄ is beneficial when tar-
geting the relatively rare WLWL channel. The polarization could
then be accessed through both the forward VBS quark-jets, as
well as through the quark decay products of the hadronically de-
caying vector bosons. As the BSM contribution grows with en-

ergy, the vector bosons might have a large Lorentz boost result-
ing in their decay products being contained in a single, large-
radius jet. These could be identified as vector-boson jets us-
ing dedicated jet substructure techniques. The final state would
therefore consist of two central, large-radius jets with masses
compatible with the W mass, and two forward quark jets. Ex-
tracting the polarization fraction from this is a two-stage prob-
lem: First, the EW VBS process must be distinguished from
QCD diboson processes. Secondly, one would need to dis-
criminate longitudinally polarized vector bosons from trans-
versely polarized vector bosons (as well as, possibly, the jet
charge). Both of these tasks could be solved highly accurately
with DNNs, allowing for two powerful tests of the SM: a cross
section measurement in a WLWL enriched region looking for de-
viations from the SM prediction, as well as a full measurement
of the VBS helicity fractions.

8.2.1 Jet substructure and polarization
To identify hadronically decaying vector bosons with pT >

200 GeV, jet substructure variables are usually used. These in-
clude methods for improving the jet mass resolution by remov-
ing soft and wide angle radiation, called grooming [177, 171,
178], and methods for computing the probability of a jet con-

24

VBSCAN-PUB-04-21
CERN-STUDENTS-Note- 2018-220 (2018)

● Jet substructure can be used to 
study the hardonic W decays

● However, grooming reduces 
the detection efficiency of 
hadronic WT decays 
(yiels more often 1-prong)

https://arxiv.org/abs/2106.01393
https://cds.cern.ch/record/2650187


W Tagging Techniques

● Jet substructure algorithms can be used
to identify WL, but more work is needed 
to improve the efficiency for WT (to
measure all polarisation components)

● Promising avenues include particle-
based Deep/Graph Neural Networks 
(e.g., JEDI-net, or ParticleNet)
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10 5 Algorithms for W jet identification

the jet charge, the planar flow, the number of jet constituents, DR between subjets, sensitivity
of trimmed grooming, and the number of primary pp interaction vertices. The MLP neural
network is trained using a signal sample from a SM Higgs-like resonance decaying to a pair of
longitudinally polarized W bosons and a background sample of W+jets generated with MAD-
GRAPH, splitting the events equally in training and test event samples to compute the ROC
curve. The ROC curves obtained from the multivariate methods are shown in Fig. 3. Com-
pared to the performance of t2/t1, a small improvement is obtained using such multivariate
discriminators. This can be understood, because we find a large linear correlation between
t2/t1, which is the most sensitive variable over a large range of efficiencies, and most of the
other observables. We therefore focus in the following of this paper on a baseline tagger based
on t2/t1 and point out that, not considering systematic uncertainties, there is potential gain in
using multivariate discriminators.

The comparison above is performed after requiring the pruned jet mass to lie in the W boson
mass window. Since all substructure variables are correlated with the jet mass, it is important to
note that the variable comparison shown in Fig. 3 depends strongly on the choice of the primary
discriminant. When the ungroomed jet mass is the primary discriminant, a combination with
other variables provides a larger increase in discrimination, although the overall performance
is still inferior to the default choice of the pruned jet mass and t2/t1.

5.3 Performance in simulation

In this section we examine the simulated pT and PU dependence of the W tagging efficiency.
Efficiencies are defined for a pruned jet mass of 60 < mjet < 100 GeV, and N-subjettiness ratio
of t2/t1 < 0.5.
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Figure 4: Systematic effects on the performance of the pruned jet mass and t2/t1 W-tagging al-
gorithm in the high jet pT bin of 400–600 GeV. The performance of the pruned jet mass selection
60 < mjet < 100 GeV in the various scenarios is indicated as a filled circle. The performance of
the combination of 60 < mjet < 100 GeV and t2/t1 < 0.5 is indicated as a filled rectangle. The
lines correspond to the ROC curve of a selection on t2/t1 in addition to 60 < mjet < 100 GeV.
The solid line corresponds (in both parts) to the standard scenario with an average of 22 pileup
interactions and longitudinally polarized W bosons (WL).

In Fig. 4, we compare systematic effects in terms of change in the ROC response in the dijet final
state for 400 < pT < 600 GeV. In contrast to Fig. 3, where just the performance of other variables

JHEP 12 (2014) 017
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The Start of a Long Journey

§ W±W±jj observed during Run-2
Learned to model signal and bkg., 
increasing presicion [O(10%)]
§ Run-3 will yield additional data (x2-3)
§ Will it be enough to observe WL

±WL
±jj ?

§ Need to use ALL data 
(incl. semi-leptonic and hadronic)

§ HL-LHC will again increase data (x10)
§ Allow measuring W±W±jj and WL

±WL
±jj

to high precision
Meanwhile, we have to get ready for the 
challenge and prepare new techniques 
to get the most out of our data.

18Karolos Potamianos, University of Oxford OFFSHELL - 6 July 2021

Stay tuned on this exciting area!
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Unraveling Electroweak Symmetry Breaking
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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.

6

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

section prediction for W±W± j j electroweak production, where the systematic uncertainty also includes the
absolute normalization uncertainty of this prediction. This corresponds to a fiducial signal cross section
of:

�fid. = 2.89+0.51
�0.48 (stat.) +0.24

�0.22 (exp. syst.) +0.14
�0.16 (mod. syst.) +0.08

�0.06 (lumi.) fb,

where the uncertainties correspond to the statistical, experimental systematic, theory modeling systematic
and luminosity uncertainties, respectively. The experimental systematic uncertainty includes the detector
systematic uncertainties and the uncertainties in estimating all background processes except for the W Z
and W±W± j j strong production processes that are accounted for in the modeling systematic uncertainty.
Table 2 summarizes the impacts of di�erent components of systematic uncertainty.

The measured fiducial cross section includes contributions from both the W±W± j j electroweak production
and its interference with the W±W± j j strong production, estimated to be approximately 6% of the predicted
fiducial cross section for W±W± j j electroweak production. The fiducial cross section for the W±W± j j
electroweak production, without the interference e�ect, is predicted by S����� and P�����+P�����8
to be 2.01+0.33

�0.23 fb and 3.08+0.45
�0.46 fb, respectively. The impact on the measured fiducial cross section of

using P�����+P�����8 instead of S����� to generate the mj j signal template was tested and found to be
smaller than the 3.6% signal modeling uncertainty.
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Figure 3: The m`` distribution for events meeting all selection criteria for the signal region is shown as predicted
after the fit. The hatched band represents the statistical and systematic uncertainties of the background prediction
added in quadrature. The fitted signal strength and nuisance parameters have been propagated, with the exception
of the uncertainties due to the interference and electroweak corrections for which a flat uncertainty is assigned.
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 last bin of the
distribution includes the overflow.

8

Observation using 36 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06
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of O(a7) correction for the unpolarized EW W±W± process on the shapes of the distributions
for the W±

L W±

L and W±

L W±

T processes is considered as a systematic uncertainty. The correction
values are used as a symmetric shape uncertainty. The uncertainties associated with the lim-
ited numbers of simulated events and of data events used to estimate the nonprompt lepton
background are also included as systematic uncertainties with the latter being the dominant
contribution. A summary of the systematic uncertainties in the W±

L W±

L and W±

X
W±

T , and in the
W±

L W±

X
and W±

T W±

T cross section measurements is shown in Table 4.

Table 4: Systematic uncertainties of the W±

L W±

L and W±

X
W±

T , and W±

L W±

X
and W±

T W±

T cross
section measurements in units of percent.

Source of uncertainty W±

L W±

L (%) W±

X
W±

T (%) W±

L W±

X
(%) W±

T W±

T (%)
Integrated luminosity 3.2 1.8 1.9 1.8
Lepton measurement 3.6 1.9 2.5 1.8
Jet energy scale and resolution 11 2.9 2.5 1.1
Pileup 0.9 0.1 1.0 0.3
b tagging 1.1 1.2 1.4 1.1
Nonprompt lepton rate 17 2.7 9.3 1.6
Trigger 1.9 1.1 1.6 0.9
Limited sample size 38 3.9 14 5.7
Theory 6.8 2.3 4.0 2.3

Total systematic uncertainty 44 6.6 18 7.0

Statistical uncertainty 123 15 42 22

Total uncertainty 130 16 46 23

8 Results
Binned maximum-likelihood fits are performed to discriminate between the signals and the
remaining backgrounds using the W±W± SR and the WZ, nonprompt lepton, tZq, and ZZ
CRs. Two separate fits are performed, one for the simultaneous measurements of the W±

L W±

L
and W±

X
W±

T cross sections and a second for the simultaneous measurements of the W±

L W±

X
and

W±

T W±

T cross sections. The systematic uncertainties are treated as nuisance parameters and are
profiled [65, 66] with the shape and normalization of each distribution varying within the re-
spective uncertainties in the fit. The normalization uncertainties are treated as log-normal nui-
sance parameters. The nuisance parameters are not significantly constrained. The small QCD
W±W± contribution is normalized to the SM prediction and allowed to vary within the uncer-
tainties. The normalizations of the tZq, ZZ, and WZ background processes are free parameters
of the maximum-likelihood fits, together with the signal cross sections. A two-dimensional dis-
tribution is used in the simultaneous fits for the W±W± SR with five bins in the inclusive BDT
and five bins in the corresponding signal BDT. The mjj distribution is used for the CRs in the fit
with four bins. The bin boundaries are chosen to have similar W±

L W±

L and W±

L W±

X
contribu-

tions across the bins.

The interference contributions between the EW and QCD diagrams for the W±W± and WZ
processes are normalized to the SM predictions within the uncertainties. The impact of treat-
ment of the interference contributions on the results is evaluated by performing a set of alter-
native fits where the interference contributions between the EW diagrams for the W±

L W±

L and
W±

X
W±

T or W±

L W±

X
and W±

T W±

T processes and QCD diagrams are scaled with the square root of
the measured to the predicted cross section ratios. The two approaches yield consistent results.
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The distributions of mjj (upper left), Dfjj (upper right), Df`` (lower left), and the output score of
the inclusive BDT (lower right) in the W±W± SR are shown in Fig. 3. The distributions of the
two signal BDT output scores are shown in Fig. 4. The predicted yields are shown with their
best fit normalizations from the simultaneous fit for the W±

L W±

L and W±

X
W±

T cross sections.
The data yields, together with the SM expectations with the best fit normalizations, are given
in Table 5. The background yields with the best fit normalizations from the simultaneous fit for
the W±

L W±

X
and W±

T W±

T cross sections are consistent with the yields shown in Table 5 within a
few percent.

Table 5: Expected yields from various SM processes and observed data events in W±W± SR.
The combination of the statistical and systematic uncertainties is shown. The expected yields
are shown with their best fit normalizations from the simultaneous fit for the W±

L W±

L and
W±

X
W±

T cross sections. The W±

L W±

T and W±

T W±

T yields are obtained from the W±

X
W±

T yield
assuming the SM prediction for the ratio of the yields. The tVx background yield includes the
contributions from ttV and tZq processes.

Process Yields in W±W± SR
W±

L W±

L 16.0± 18.3
W±

L W±

T 63.1± 10.7
W±

T W±

T 110.1± 18.1
QCD W±W± 13.8± 1.6
Interference W±W± 8.4± 0.6
WZ 63.3± 7.8
ZZ 0.7± 0.2
Nonprompt 213.7± 52.3
tVx 7.1± 2.2
Other background 26.9± 9.9

Total SM 522.9± 60.7

Data 524

The fiducial region for the cross section measurements is defined by requiring two same-sign
leptons (electrons or muons) with pT > 20 GeV, |h| < 2.5, and m`` > 20 GeV, and two jets
with mjj > 500 GeV and |Dhjj| > 2.5. The leptons at the generator level are selected at the so-
called dressed level by combining the four-momentum of each lepton after final-state photon
radiation with that of photons found within a cone of DR = 0.1 around the lepton. The jets
at generator level are clustered from stable particles, excluding neutrinos, using the anti-kT
clustering algorithm with a distance parameter of 0.4, and are required to satisfy pT > 50 GeV
and |h| < 4.7. Jets within DR < 0.4 of the selected charged leptons are not included. The
overall signal selection efficiency within the fiducial region is about 40%. Electrons and muons
produced in the decay of a t lepton are not included in the definition of the fiducial region.
Nonfiducial signal events, i.e., events selected at the reconstructed level that do not satisfy the
fiducial requirements, are scaled together with the fiducial signal events in the simultaneous
fit. The relative contribution of the nonfiducial events is approximately 20%. The nonfiducial
events are treated as background processes.

The fit results for the W±

L W±

L and W±

X
W±

T cross sections are shown in Fig. 5 as scans of the neg-
ative profile log-likelihood, �2DlnL, as a function of the W±

L W±

L cross section. The expected
distributions include the contribution from the W±

X
W±

T process. The corresponding observed
(expected) upper limit at 95% confidence level (CL) is 1.17 (0.88) fb. The fiducial cross section
measurements for the W±

L W±

L and W±

X
W±

T processes and the theoretical predictions are shown
in Table 6. The measured cross section values agree with the theoretical predictions within

Phys. Lett. B 812 (2020) 136018

https://arxiv.org/abs/2009.09429
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Figure 3: Distributions of the mjj (upper left), Dfjj (upper right), Df`` (lower left), and of the
output score of the inclusive BDT (lower right) in the W±W± SR. The predicted yields are
shown with their best fit normalizations from the simultaneous fit. The histograms for the
W±W± process include the contributions from the W±

L W±

L , W±

L W±

T , and W±

T W±

T processes
(shown separately as solid lines), QCD W±W±, and interference. The histograms for other
backgrounds include the contributions from double parton scattering, VVV, and from oppo-
sitely charged dilepton final states from tt, tW, W+W�, and Drell–Yan processes. The overflow
is included in the last bin. The bottom panel in each figure shows the ratio of the number of
events observed in data to that of the total SM prediction. The gray bands represent the un-
certainties in the predicted yields. The vertical bars represent the statistical uncertainties in the
data.

https://arxiv.org/abs/2009.09429


Overview of Run-2 ATLAS VBS/VBF Analyses
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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

Zγjj (36 fb-1): 4.1σ
PLB 803 (2020) 135341

Zjj (139 fb-1)
EPJ C 81 (2021) 163

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