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Outline

❑ Overview of ElectroWeak Symmetry Breaking (EWSB) 
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❑ Summary

❑ Testing EWSB via same-charge WW scattering at the LHC

❑ Longitudinally polarized same-charge WW scattering at the 

LHC, HL-LHC and future colliders



Overview of ElectroWeak Symmetry Breaking 
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Discovery of the Higgs boson

• My first project in particle physics involved analyzing a small Higgs → 𝛾𝛾 ATLAS dataset.

• Later that year, the Higgs boson was discovered.

• This was exciting news all over the world!

❖The final missing piece in the SM had been found. 
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https://home.web.cern.ch/resources/image/physics/higgs-collection-images-gallery
https://home.web.cern.ch/resources/image/physics/higgs-collection-images-gallery


The Higgs boson completes the Standard Model

• Gluons mediate the strong force.

• Photons mediate the electromagnetic force.

• W and Z bosons mediate the weak force.

• The Higgs boson gives mass to all particles 

that interact with it. 

• W and Z bosons are massive.

• Gluons and photons are massless.

wikipedia
❖ W and Z bosons interact with the Higgs, whereas gluons and photons don’t.
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https://en.wikipedia.org/wiki/Standard_Model


Electroweak unification

• Glashow, Weinberg and Salam showed that electromagnetic 

and weak forces are unified at very high temperatures.

❖ This introduced the electroweak theory which treats 

electromagnetic and weak forces together in a unified way.

❖ The 𝑆𝑈(2) × 𝑈(1) gauge group in the SM was thus 

introduced. [full SM: 𝑆𝑈(3) × 𝑆𝑈(2) × 𝑈(1)]

❖ The SM Lagrangian must be invariant under local 

symmetry transformations of this gauge group.
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NobelPrize.org

https://www.nobelprize.org/prizes/physics/1979/summary/


But, mass terms are not allowed….

• Vector boson mass terms are not allowed.

➢ Electroweak force carriers must have the same (zero) mass.

➢But, W and Z bosons are massive – Electroweak symmetry is broken.

Z W 𝜸
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❖ To keep the Lagrangian invariant despite the massive W and Z bosons, Glashow, Weinberg and Salam 

incorporated a spontaneous symmetry breaking mechanism – The Higgs mechanism.

➢ Formulated by Brout, Englert and Higgs in 1964.

±

https://www.nobelprize.org/prizes/physics/2013/summary/


Electro-Weak Symmetry Breaking (EWSB)

• Maximum potential is at the top of the “hat” (𝜙 = 0) - an 

unstable point.

➢ Naturally, the field relaxes to the minimum potential.

➢ This results in a non-zero Vacuum Expectation Value.

➢ Consequently, W and Z bosons gain mass.

➢ Electroweak symmetry is broken.
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SM Higgs potential: 𝑉 𝜙 = −𝜇2𝜙2 + 𝜆𝜙4

https://cds.cern.ch/record/2012465/plots
https://cds.cern.ch/record/2012465/plots


EWSB: Open questions

• The Higgs boson discovery in 2012 and subsequent measurements of its couplings have been 

a major milestone in re-affirming our understanding of EWSB.

❖So, there’s still some work left to probe and study EWSB.

• However, there are still some open questions.

1. Is the Higgs potential what we think it is?

2. Is the Higgs mechanism solely responsible for EWSB or are there 

other theories Beyond the SM (BSM) that contribute?
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Probing EWSB

• To verify the shape of the Higgs potential, we can measure Higgs self-couplings (Di-Higgs production).

➢ In some BSM models, the Higgs potential is modified, which leads to deviations in 𝜅𝜆.

❖We can measure electroweak Vector Boson Scattering (VBS) processes (next slides).

➢ This also provides an important probe for BSM physics contributions to EWSB

10

ATLAS briefing: HH ATLAS briefing: HH goes to b b gamma gamma→ 𝑏𝑏𝛾𝛾

* Any inconsistency with SM predictions would imply a revolution in our understanding of the universe.

https://atlas.cern/Updates/Briefing/Higgs-Self-Interaction-Run-3


Electroweak VBS

• VBS requires the presence of the SM Higgs boson for unitarity preservation at high energies.

• In the absence of Higgs diagrams, scattering amplitudes of longitudinally polarised vector 

bosons would increase as a function of centre of mass energies (√𝑠), eventually violating unitarity.
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Nucl.Phys.B525:27-50
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https://www.sciencedirect.com/science/article/pii/S0550321398002879?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321398002879?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321398002879?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321398002879?via%3Dihub


Same charge WW scattering at the LHC
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Same-Charge WW (𝑾±𝑾±𝒋𝒋 ) scattering
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• QCD-induced VV production has the same final state as the VBS signal. 

❖ 𝑾±𝑾±𝒋𝒋 has the largest Electroweak to QCD ratio among VBS processes.

➢ QCD-induced background is largely suppressed. 



𝑾±𝑾±𝒋𝒋 cross-section
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Selecting 𝑾±𝑾±𝒋𝒋 events
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• Two isolated same-sign leptons (electrons or muons) with high transverse momentum.

• Large missing transverse energy.

• VBS topology:

➢ Two forward jets with high transverse momentum

➢ Large di-jet invariant mass.

➢ Large separation in rapidity.



Background and signal estimation
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❖ Other background processes are estimated either from MC simulations or using data-driven methods.

❖ The expected 𝑾±𝑾±𝒋𝒋 signal is estimated from MC simulations. 

❖ The major background arises from QCD-induced WZ 

production.

• It is modelled using Monte-Carlo (MC) simulations.

• A normalization factor is estimated by comparing data 

to MC in a dedicated control region.



ATLAS data analysis

• The LHC has completed two previous runs and is currently 

in Run 3.

➢Run 1 (2010 to 2012), Run 2 (2015 to 2018) and Run 3 

(Since 2022)

❖ In Run 2, ATLAS recorded ~𝟏𝟒𝟎 fb-1 of data.

❖We perform a binned maximum likelihood fit of the data to the di-jet invariant mass (𝒎𝒋𝒋).

• Fit ingredients: Expected signal and background events + systematic uncertainties.

• We extract the signal strength from the fit and can further determine the significance and cross-section.
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ATLAS online luminosity

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2


First observation of 𝑾±𝑾±𝒋𝒋 in ATLAS
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❖With partial Run 2 data (𝟑𝟔 fb-1 ), we had the first 

observation of 𝑾±𝑾±𝒋𝒋 in ATLAS.

Phys. Rev. Lett. 123, 161801

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


Precision 𝑾±𝑾±𝒋𝒋 cross-section measurement
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❖ With the full Run 2 dataset, we had a much more precise 

measurement.

Post-fit

JHEP 04 (2024) 026

❖ No deviation from the SM.

https://link.springer.com/article/10.1007/JHEP04(2024)026


Longitudinally polarized 𝑾±𝑾±𝒋𝒋
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An extra polarization state
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❖ After EWSB, W and Z bosons gain mass and an extra polarization state – the longitudinal polarization state.

❖ Massles particles only have transverse polarization state.

❖ Longitudinal polarization states arise directly from EWSB and serve as evidence for it.

❖ Measuring their cross-sections and fractions is a crucial step in the test of EWSB.

Spin

Left-handed right-handed

https://cds.cern.ch/record/2012465/plots
https://cds.cern.ch/record/2012465/plots


Longitudinally polarized 𝑾±𝑾±𝒋𝒋 cross-section

❖Access to longitudinally polarized 𝑾±𝑾±𝒋𝒋

processes is extremely challenging at the 

LHC.
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❖Cross-section is only ~10% of the total 

(inclusive) 𝑾±𝑾±𝒋𝒋 cross-section.
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• Same event selection criteria and background estimation as the inclusive 𝑊±𝑊±𝑗𝑗 analysis.

• A single kinematic distribution is not sufficient to optimally separate the different polarization states.

Event selection and background estimation

➢ Each variable has a different separation power.
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• Three dedicated Deep Neural Networks (DNNs) were trained using kinematic variables.

DNN classification

• A large set of various kinematic variables was used for training (only up to 20 were kept per DNN).

❖The LX and LL DNN outputs were fitted independently, each in three regions of the inclusive DNN.

DNN Purpose

Inclusive DNN separate inclusive 𝑊±𝑊±𝑗𝑗 from background events.

LX DNN separate 𝑊𝐿
±𝑊±𝑗𝑗 from 𝑊𝑇

±𝑊𝑇
±𝑗𝑗 events.

LL DNN separate 𝑊𝐿
±𝑊𝐿

±𝑗𝑗 from 𝑊𝑇
±𝑊±𝑗𝑗 events.



𝑾𝑳
±𝑾±𝒋𝒋 Results
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❖ Obs. (Exp.) significance: 3.3 𝜎 (4.0 𝜎).

❖ First evidence for a VBS process with at least 

one longitudinally polarized vector boson!

❖ Measured cross-section agrees with the SM 

prediction (modelled using Sherpa).

❖ Stat. uncertainties are dominant – Need more 

data.

Phys. Rev. Lett. 135, 111802

❖LX DNN fit in three regions of the inclusive DNN.

https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql


𝑾𝑳
±𝑾𝑳

±𝒋𝒋 Results
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❖ No significant excess of events observed.

❖ Obs. (Exp.) 95% CL upper limit on cross-

section:

❖Most stringent limit to date. 

0.45 (0.70) fb.

❖ Stat. uncertainties are dominant here too –

Need more data!

Phys. Rev. Lett. 135, 111802

❖LL DNN fit in three regions of the inclusive DNN.

https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql


The High Luminosity LHC (HL-LHC)
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We’re here

• We have just completed Run 3 p-p data-taking and we have recorded > 300 fb-1 of data.

• Polarization studies will be repeated with full Run 3 data -> Possibly observe 𝑊𝐿
±𝑊±𝑗𝑗

• Between 29 June 2026 and mid-2030: Upgrades towards the HL-LHC

❖ We anticipate at least 𝟑𝟎𝟎𝟎 fb-1 of data! Could we observe 𝑾𝑳
±𝑾𝑳

±𝒋𝒋?

hilumilhc.web.cern.ch

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3#Multi_year_Summary_Plots
https://hilumilhc.web.cern.ch/content/hl-lhc-project


𝑾𝑳
±𝑾𝑳

±𝒋𝒋 at the HL-LHC

• Projections of 𝑊𝐿
±𝑊𝐿

±𝑗𝑗 at the HL-LHC have indicated that we can have evidence with 3000 fb-1 of data.
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ATL-PHYS-PUB-2018-052

• Analysis techniques have also improved 

since this result, so we could expect more.

• A lot has been learned from the latest 

analyses.

❖This will be an interesting physics program 

for the HL-LHC.

https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d
https://inspirehep.net/files/ead46ef053a4df9617669e65106e666d


• The Future Circular Collider (FCC) is one of the next generation colliders proposed to take over the LHC.

• Proposed to start with an 𝑒+𝑒− collider operating at 90-365 GeV.

• To be followed by a hadron collider (FCC-hh) proposed to operate at up to 100 TeV (84 TeV is the baseline).
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The Future Circular Collider (FCC)

home.cern.ch

https://home.cern/science/accelerators/future-circular-collider
https://home.cern/science/accelerators/future-circular-collider
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𝑾𝑳
±𝑾𝑳

±𝒋𝒋 at a 100 TeV FCC-hh

Sample simulation Madgraph5+Pythia8 with Delphes for the 

detector response

Integrated 
luminosity

30 ab-1 

Backgrounds 𝑊±𝑊±𝑗𝑗 QCD……

Event selection Same as LHC analyses, but with a 
larger/more conservative 𝑚𝑗𝑗 > 2 TeV

Systematics Luminosity, PDF, QCD scale uncertainties

• Boosted Decision Trees (BDTs) trained on 15 variables were used to isolate the polarizations from backgrounds.

❖ Result: We can measure the cross-section of 𝑾𝑳
±𝑾𝑳

±𝒋𝒋 with a relative precision of 𝟏𝟓% at the FCC-hh.

Analysis details

Phys.Rev D 112, 093001

https://journals.aps.org/prd/abstract/10.1103/99r1-vq2h


Summary

❑ Longitunally polarized same-charge WW VBS measurements play a crucial role in testing EWSB.

❑ So far, ATLAS has found evidence of at least one of the W bosons being longitudinally polarized.

❑ It is important that we measure the case where both W bosons are longitudinally polarized.

❑ This will be an exciting physics program for Run 3 data and at the HL-LHC.

❑ Projections at a 100 TeV FCC-hh indicate that we could have a cross-section measurement with a 

relative precision of 15%.
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Additional material
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Standard Model Lagrangian
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Phys. Educ. 52 034001

https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25/pdf
https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25/pdf
https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25/pdf
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VBS EW and VBS QCD cross-section comparisons

35

P.Anger, PhD. Thesis 2014

https://repository.cern/records/gxxpj-ban65


Same-charge WW diagrams
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Same-charge WW event selection
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Background and signal estimation
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❖ WZ EW and WZ QCD background

• WZ QCD is the most dominant background

• Two same-charge leptons are picked up as signal

• WZ final states are modelled using Monte-Carlo (MC) 

simulations and are dominated by WZ QCD 

• The normalization of the WZ QCD process is estimated from 

data in a dedicated WZ control region 

❖ Charge flip and 𝜸 conversions background

• Main sources: 𝑊±𝑊∓ and 𝑉𝛾 processes

• One lepton’s charge is measured incorrectly or an electron 

from a 𝛾 conversion is picked up as signal.

• This is the third-largest background source

• Charge flip is estimated using a data-driven method 

• 𝑉𝛾 processes are estimated from MC simulations

❖ Non-prompt (fake) background

• Main sources: Semi-leptonic 𝑡 ҧ𝑡,𝑊+jets, single top processes

• Jets are misidentified as leptons or leptons from heavy flavour

decays are picked up as signal.

• This is the second-largest background

• Estimated using a data-driven method

❖ Other prompt background

• Main sources: 𝑍𝑍 and 𝑉𝑉𝑉 processes

• Two same-charge leptons are picked up as signal 

• Smallest background contribution

• Estimated from MC simulation

❖ We also estimate the signal from MC simulations. 



Fiducial cross-section definition
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• Binned maximum likelihood fits were performed separately for the 𝐿𝑋 and 𝐿𝐿 DNNs.

• Signal DNNs were fitted in three regions of the inclusive DNN – independently optimized to 

maximise the signal significance.

➢𝐿𝑋 fit: (0, 0.3, 0.7, 1.0)

➢𝐿𝐿 fit: (0, 0.2, 0.6, 1.0)
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Maximum likelihood fit

❖ Single bins of the low-𝑚𝑗𝑗 and WZ control regions were also fitted simultaneously.

Normalization factors:

𝝁𝑳𝑿, 𝝁𝑻𝑻, 𝝁𝑾𝒁

𝝁𝑳𝑳, 𝝁𝑻𝑿, 𝝁𝑾𝒁



Reference frame choice

• Choosing a reference frame is important in polarizations studies.

➢ Polarizations are not Lorentz invariant – the way the polarization is 

defined and measured depends on the reference frame.

41
pjain.web.cern.ch

• Two choices: 

• Center-of-mass (COM) frame of the colliding partons.

• Center-of-mass frame of the W bosons.

• In ATLAS, we have used the W COM frame - gave better sensitivity. 

• Signal samples are modelled in this reference frame.

https://pjain.web.cern.ch/pjain/ssww-project/
https://pjain.web.cern.ch/pjain/ssww-project/


Electroweak VBS measurements

• VBS is studied in various processes; same-charge 𝑊𝑊, opposite charge 𝑊𝑊, 𝑊𝑍, 𝑍𝑍, 𝑉𝛾

• Any deviation from the SM when we measure cross-sections would be indicative of new physics.

42

• So far, no deviation from the SM has been observed.

❖Longitudinally polarized VBS has not yet been observed.

• Next slides: same-charge 𝑊𝑊 scattering.



Discovery of the Higgs boson

• My first project in particle physics involved analyzing a small Higgs → 𝛾𝛾 ATLAS dataset.

• Later that year, the Higgs boson was discovered.

• This was exciting news all over the world!

❖The final missing piece in the SM had been found. 
43

Mini-project 

ATLAS data
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