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Electroweak Bosons:

Keys to deepen the understanding of Standard Model

Electroweak/Strong (Gauge
Boson Self-Interactions)

Gauge Bosons Interact with
Fermions (Leptons & Quarks)

Higgs Yukawa Couplings
(Origin of Masses for Leptons

and Quarks)

EWSB (Origin
of Weak

Boson Mass),
Higgs

Potential
(Higgs Self-
Interactions)

Keys to deepen the understanding of Standard Model
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Summary of ATLAS Diboson measurements

ATL-PHYS-PUB-2024-011

Diboson Physics at ATLAS:
Test of SM EWK Sector w/ high precision and as solid foundation for VBS and triboson measurements; examine
perturbative QCD and EW high order effects; irreducible backgrounds for H→VV decays and other related BSM
searches; sensitive to anomalous Triple Gauge Couplings (aTGCs) with SMEFT; …
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ATLAS Run-3 data-taking in-action!

Standard Model Measurements are slow but precise!
Stay tuned ☺

(check out 1st Run3 ZZ results by ATLAS: Phys. Lett. B 855 (2024) 138764)
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Inclusive Di-Boson (precision)
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Diboson as main course starter
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1st ZZ→4l total and differential measurements at 13.6TeV w/ ATLAS Run3

• ATLAS 1st diboson results in
Run3 w/ 29 fb-1 DATA at 13.6
TeV: a milestone for LHC
Run3 EWK physics

• 𝑚4ℓ and 𝑝T
4ℓ differential cross

sections measured in
comparison with Sherpa and
MATRIX prediction with both
state-of-art MC simulations
and fixed order calculations
up to NNLO QCD+NLO EW

• Fid. & Tot. cross sections also
measured w/ comparable
stat. vs syst. unc. driving
future full Run3
measurements into higher
precision

Phys. Lett. B 855 (2024) 138764 
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• WW total, fiducial and differential cross section measurements w/ ATLAS Full Run2 DATA (140 fb-1)
in fully leptonic final states (diff. flavor & oppo. charge to suppress Drell-Yan bgds)

• Highlights:

• 12 measured observables: pT
lead lep. , pT

sub-lead lep. , pT
eµ, yT

eµ, meµ, ∆φeµ, cosθ∗=|tanh(∆η(e,µ)/2)|,
ET

miss, mT,eµ, HT
lep.+MET, ST, Njet

• Jet incl. phase space measured w/ high precision (~3.1% unc.)

• Evidence of central-forward charge asymmetry

• Comparison w/ State-of-Art theory predictions w/ NNLO QCD and NLO EWK (along w/ NLO-QCD
gg and γ-induced corrections) and new PDF

WW with ATLAS Full Run-2 13TeV

JHEP 08 (2025) 142
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WW with ATLAS Full Run-2 13TeV

• Int. fid. cross-section 
determined using 
profile likelihood fit 
of 𝑆T distribution

• Fid. Phase space:

σfid. =
707± 7 (stat.) ± 20
(syst.) ± 6 (lumi.) fb

Post-fit
Major phase space cuts, veto b-jet but no further jet veto

JHEP 08 (2025) 142
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• Measured fid./tot. cross sections consistent w/ MOST precise theo. predictions: nNNLO QCD ⊗
NLO EW using NNPDF3.1 luxQED (better agreement compared w/ NNPDF3.0 PDF )

WW with ATLAS Full Run-2 13TeV

JHEP 08 (2025) 142
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WW with ATLAS Full Run-2 13TeV

• Differential cross sections measured in general w/ excellent agreement at fixed-order, compared w/
MATRIX prediction jet-inclusively

• Most notable discrepancy is a local 3σ difference in the lowest bin of the 𝐻T distribution

| cos𝜃∗ | = | tanh(Δ𝜂𝑒𝜇/2)|
Sensitive to WW spin structure

|𝑦𝑒𝜇 |
Absolute rapidity of the dilepton system

𝐻T
lep.+MET

scalar sum of 𝐸T
miss and the 

lepton transverse momenta

JHEP 08 (2025) 142
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WW with ATLAS Full Run-2 13TeV

• Charge asymmetry 𝐴C measured as a function of absolute difference of leptons absolute 
rapidities ||𝜂ℓ+| − |𝜂ℓ−||, and invariant mass of the dilepton system

• Compared w/ the NNLO+PS predictions from Powheg MiNNLO+Pythia8

• Significant asymmetry seen for 1st time! (due to 2:1 ratio of up:down valence quarks)

𝐴C: non-zero due to charge 
asymmetry of the partonic initial 
state

𝐴CP: asymmetry in CP-odd observable

consistent w/ SM prediction (zero)
within ~1σ

JHEP 08 (2025) 142
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WZ with ATLAS Full Run-2 13TeV

• Follow up previous partial Run-2 WZ measurements (Eur. Phys. J. C 79 (2019) 535) and Full Run-2
WZ joint polarization (Phys. Lett. B 843 (2023) 137895) & high PT polarization measurements (Phys. 
Rev. Lett. 133 (2024) 101802)

• More precise measurements of incl. and differential cross sections w/ ATLAS Full Run-2 dataset (140
fb-1), in comparison w/ NNLO QCD and NLO EWK state-of-art SM predictions

• Probing CP-conserving and CP-violating dimension-6 operators with mT
WZ (low/high categorized)

JHEP 11 (2025) 006
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New variables added for
diff. measurements w.r.t.
former results

NEW!
Triple products 
are sensitive to 
CP-Violating
SMEFT
operators!

WZ with ATLAS Full Run-2 13TeV

JHEP 11 (2025) 006
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• MATRIX ⊕ vs ⊗
schemes differ at 
high pT

V1

• Sherpa has a 
more complete 
description in
high Njets
differing from 
PowHeg+Pythia

• Very low pT
discrepancies
possibly
explained by 
large logarithms 
in pT /mVV

WZ with ATLAS Full Run-2 13TeV

JHEP 11 (2025) 006
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WZ with ATLAS Full Run-2 13TeV

• Measured WZ fid. cross sections in agreement w/ NNLO QCD⊗EWqq SM prediction from MATRIX 
using the NNPDF3.1nnlo_as_118_luxqed PDF and MSHT20nnlo PDF

• Measurement of charge ratio w/ ~2% precision (stat. limited)

JHEP 11 (2025) 006



< 17 >以 天 之 语 解 物 之 道

WZ with ATLAS Full Run-2 13TeV

CP-conserving EFT limits extracted 
with mT

WZ distribution
• cW, cHWB, cHD, c(1)

Hq, c(3)
Hq

CP-violating EFT (Strong!) limits: BDTs
for each operator to enhance
sensitivity to CP-violation
• cWtild, cHWtildB

Strongest positive (negative) 
interf. for large Scomb (–Scomb)

JHEP 11 (2025) 006
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Zγ high pT differential measurements and NEW nTGC at 13TeV
Suppressed w/ FSR rejection Cut

• Analysis designed on top of previous Zγ+jets differential measurements JHEP 
07 (2023) 072

• Focus on high pT(γ)>200GeV with on-shell Z: sensitive to neutral aTGCs
(nTGCs): prohibited at SM tree level, but 1st arise from dimension-8 SMEFT

• Two approaches adopted to probe nTGCs
• Dimension-8 operators in SMEFT approach
• Form Factor (FF) in effective vertex approach

• Incorporating for 1st time 𝑆𝑈(2)L ⊗ 𝑈(1)Y fully gauge invariant symmetry
[PRD 107 (2023) 035005] and cancelling spurious energy dependent term

• Conventional FF formulation only incorporated 𝑈(1) symmetry, leading to
limits overestimation by two orders of magnitude (now corrected ☺)

NEW diff. meas. of 𝜙∗

• Angle b/w scattering 
plane and decay plane 
of Z in the ℓ+ℓ− frame

• Sensitive to
interference b/w SM 
and pure BSM terms

ATLAS-CONF-2025-001
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Zγ high pT differential measurements and NEW nTGC at 13TeV

• Limits extracted from high
pT(γ) region differential cross
section

• NEW! 1D and 2D limits w/
dimension-8 Wilson 
coefficients using fully gauge 
invariant theory treatment
(for 1st time at LHC) and
conversion FF limits

• Significantly relax the
previous h4 limits w/ only U(1)
symmetry treatment

ATLAS-CONF-2025-001
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Vector Boson Scattering

Polarization
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Vector Boson Scattering topology in a nutshell

• Vector Boson Scattering (VBS) is a key 
process to probe the mechanism of 
EWSB

• Experimentally measured in a VBS
enriched phasespace along with the
other non-VBS EWK VVjj contributions
suppressed
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Physical interest of VV scattering

The mh = 125 GeV Higgs will unitarize VV→VV scattering provided it has SM hVV couplings.
This can be carefully examined by either
• Precise measurements of the hVV couplings at the light Higgs resonance
• Measurement of VV→VV differential cross sections at high pT and invariant mass

w/ Higgs

w/o Higgs

JHEP11(2008)010
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VBS signature in short

▪ Typical VBS topology

▪ tagging jets:

▪ transverse momenta: pT( j1), pT( j2)

▪ invariant mass: M( jj)

▪ Pseudo-rapidity difference: Δ𝜂( jj)

▪ central jet veto

▪ centrality:

▪ pT balance:

▪ All hard process decay products and jets
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Vector Boson Scattering Measurements and Polarizations

ZZ VBS (1st observation at
LHC)

• Nature Physics 19 (2023) 
237

• PRD 100 (2019) 032007

• arxiv:2511.15569 [EPJC]

WZ VBS (1st observation
at LHC)

• PLB 793 (2019) 469 [AC]

ssWW VBS ATLAS observation

• PRL 123 (2019) 161801
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Same-sign WW VBS polarization w/ ATLAS Full Run2

• Measure VBS ssWW in fully leptonic decays
w/ ATLAS Run3(+Run2)

• Extract longitudinal polarization of WLW (3.3σ
in Run2) & doubly WLWL , further the
sensitivity w/ larger statistics

• Physics Motivations: test EWSB, unitarity
preservation w/ Higgs (Symmetry
Restoration!), unveil goldstone nature, probe
BSM via VBF and more

1st evidence of WLW → moving towards observation in Run3PRL 135 (2025) 111802
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ssWW VBS polarization methodologies

Run2 two-stage DNN (→GNN/Transformer in Run3)
• EWK vs QCD
• WLWL vs WTW & WLW vs WTWT

Regions:
• Three regions for DNN inclusive: (0, 0.2, 0.6, 1.0) , (0, 

0.3, 0.7, 1.0)
• Each DNN inclusive region contains 3-6 DNN

polarization bins
• 1-bin for Low-𝑚𝑗𝑗 and 1-bin for WZ control region
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ssWW VBS signal region and signal polarization compositions

• Shape of Higgs potential → EWSB
• W/Z longitudinal polarization and Goldstone
• Constrain Higgs self-coupling through VBS VLVL

scattering, making use of the EWSB and
goldstone nature of W/Z boson!
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Incl. diboson polarizations

1st observation of joint longitudinally polarized WZ at high energy
approaching regime of vector bosons’ goldstone natures

• 1st evidence of ZLZL obs. 4.3 σ 
(3.8σ exp.)

• Five decay angle variables driving
BDT separation of LL, LT, TT
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VBS and Composite Higgs
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From VBS VV to Di-Higgs, Goldstone Bosons and Compositeness



< 31 >以 天 之 语 解 物 之 道

More on Higgs→BSM Portal: the Higgs Puzzle

• First fundamental (?) scalar field to be discovered

• Spontaneous symmetry breaking by development of a VeV
• But VeV is induced parametrically by ad-hoc Higgs 

potential, no dynamics

• Parameters of Higgs potential are not stable under radiative 
corrections
• First time that the radiative correction to a particle mass 

is additive and quadratically divergent
• Gauge boson masses are protected by gauge invariance
• Fermion masses are protected by chiral symmetry of 

massless fermions

• Single scalar Higgs field is a strange beast, compared to 
fermions and gauge bosons

• Additional symmetries and/or dynamics strongly motivated 
by Higgs discovery

• Ad-hoc potential, similar to and 
motivated by Landau-Ginzburg 
theory of superconductivity

• Higgs potential in SM can be 
extrapolated to Planck scale 
without additional parameters
• but no a-priori reason for a 

parameterization to respect 
this condition 
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Composite Higgs, VBS-VV and VBF Di-Higgs

• Old idea: Higgs doublet (4 fields) is a Goldstone mode generated from the spontaneous breaking of a 
larger global symmetry

• But assuming there is a strong dynamics at the energy scale “f” which causes a condensate to form 
and break the SO(5) symmetry

• Resonances will be associated with this strong dynamics

• Lightest resonance will decay to the “pseudo-Goldstones” which are much lighter, i.e. longitudinal 
gauge bosons and Higgs bosons

• Similar to QCD ρ → ππ

• Simplified model: arXiv:1109.1570 (Contino et al.) “On the effect of resonances in composite Higgs 
phenomenology”

• Scalar resonance: η → hh, VLVL
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VBS-VV vs VBF HH

• Branching ratio to hh, WLWL and ZLZL in the 1:2:1 ratio is a definitive prediction
• Resonance decaying to two ZL bosons is a distinctive signature of the Goldstone nature of the Higgs boson
• Vector boson scattering topology

• Quarks emit longitudinal vector bosons which interact with new (presumably strong) dynamics
• Quarks scatter by small angle in the forward direction 

Joint interpretation of latest resonant VBF
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Where we stand…
Phys. Lett. B 858 (2024) 139007

• 1st LWA resonance search motivated by
composite Higgs strong dynamics
scenario

• Sensitivity is far from interesting
conclusion

• Motivating VBF VV and HH more
coherent and combined searches
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From Di-Higgs to Triple Higgs
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How the Higgs Boson self-interacts?

→ How stable is our universe?
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EWSB & Higgs

• Shape of Higgs potential→ EWSB
• W/Z longitudinal polarization and

Goldstone
• Interplay and joint interest of Higgs self-

coupling through VBS VLVL scattering,
making use of the EWSB and goldstone
nature of W/Z boson!
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ATLAS+CMS HH combination (Latest!)
ATLAS-CONF-2025-012
arXiv:2602.23991 (submitted to PRL)

• ATLAS+CMS Run2 Full Dataset (126+140 fb-1) Di-Higgs Combination!
• μHH = 0.8 +0.9

−0.7 w.r.t. SM，Significance~1.1σ
• −0.71 < 𝜅𝜆 < 6.1 , 0.73 < 𝜅2V < 1.3 (Best by far!!!)
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Higgs Triple itself as a probe to quartic

Phys. Rev. D 111 (2025) 032006
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HHH as a probe to BSM
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Analysis overview in a nutshel
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Multiplexing the Higgs reco pairing
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Non-resonant & resonant interpretations
Phys. Rev. D 111 (2025) 032006

https://atlas.cern/Updates/Briefing/First-Tri-Higgs-Search
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Higgs Quartic Coupling for 1st time at LHC
Phys. Rev. D 111 (2025) 032006

https://atlas.cern/Updates/Briefing/First-Tri-Higgs-Search
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Recap of LHC primary goals: looking into the “unknowns”
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Science Bulletin: Welcome Submission

DOI:10.1016/j.scib.2024.06.003

1st ATLAS Paper @
Science Bulletin

Science Bulletin 69 (2024) 
3005A Multidisciplinary Academic Journal

◆ Supervised by Chinese Academy of Sciences

◆ Rank 6th among 135 global multidisciplinary Academic 
journals 

◆ Indexed by SCIE, Scopus, Medline, EI, etc.

◆ Types of paper

Article, Short Communication, Review, Perspective,  

News & Views, Research Highlight, etc.

◆ Scope of Publication

Physics & Astronomy，Materials Science & Engineering，

Chemistry & Energy Sciences，Life Sciences，

Medical Sciences， Earth & Environmental Sciences

https://www.sciencedirect.com/journal/science-bulletin

IF: 21.1 (2024-2025)

1st CMS Paper @
Science Bulletin
upcoming!

https://doi.org/10.1016/j.scib.2024.06.003
https://doi.org/10.1016/j.scib.2024.06.003
https://doi.org/10.1016/j.scib.2024.06.003
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Lepton Photon 2027 at Shanghai

Tsung-Dao Lee Institute &

School of Physics and Astronomy

Shanghai Jiao Tong University
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