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Outline
Ø Scope and Goals: why multibosons ?!

ØMeasurement of 𝑾𝜸

ØMeasurement of Electroweak 𝒁𝒁 and 𝒁𝒁𝒋𝒋

Ø𝒁𝒁𝜸	Production 
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Why multibosons ?!
Processes with heavy bosons and photons in the final states unable us 
to probe of the electroweak sector (EWK) of the Standard Model (SM) 
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ØInclusive diboson productions (EWK + QCD)
ü	𝑊𝑊, 𝑊𝑍, 𝑍𝑍, 𝑍𝛾, 𝑊𝛾

ØVBF and VBS (EWK enhanced)
ü	𝑍 + 𝑗𝑗, 𝑊 + 𝑗𝑗 and 𝑍𝑍 + 𝑗𝑗

                                           

                                           

ØTriboson productions
ü	𝑊𝑊𝑊, 𝑊𝑊𝑍, W𝑍𝑍, 𝑊𝑍𝛾, Z𝑍𝛾

Today:
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Scope: Electroweak (EW) Gauge Couplings

Vector Boson Fusion (VBF)
The only triple gauge couplings (TGC) allowed in the SM 
are 𝑾𝑾𝒁 and 𝑾𝑾𝜸. There are no 𝑍𝑍𝑍, 𝑍𝑍𝛾, 𝑍𝛾𝛾, or 𝛾𝛾𝛾 
couplings in the SM.

Vector Boson Scattering (VBS)
The only quartic gauge couplings (QGC) allowed in the SM 
are WWWW, WWZZ, WWZγ and WWγγ. There are no ZZZZ 
or γγγγ couplings in the SM.

Exploration at the LHC of electroweak symmetry breaking in all aspects. In 
particular, the self-couplings of the vector gauge bosons are completely 

specified in the Standard Model (SM), as are the couplings of the Higgs boson 
to the vector bosons (V=W,Z) once the Higgs mass is known. 
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Goals in general
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1. In ~2014, EWK VBF production mechanism of Higgs created a vast 
interest in H+jets and Z+jets production as a function of Njets in the 
final states.

2. Better understand strong QCD Vjj, and VVjj as background for Higgs 
and rare electroweak physics (e.g. VVV), as well as for other precise 
Standard Model (SM) measurements and searches at the LHC. Thus, 
tuning of event generators at NLO (and now NNLO).

3. Study the rare electroweak (EWK) production of Vjj, VVjj and VVV.

4. Triple and Quartic Gauge couplings precise probe for testing the SM.
6
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Dataset Run-2
𝐖𝛄	
arXiv:2603.22478

𝒁𝒁 → ℓℓ𝝊𝝊 and	𝒁𝒁𝒋𝒋 → ℓℓ𝝊𝝊𝒋𝒋
arXiv.2511.15569

𝒁𝒁𝜸
arXiv.2602.17165

√s = 13 TeV
Run2 period: 2015 - 2018

Total Physics: 140 fb-1
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Measurements of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)
Ø 𝑊𝛾 was first studied by ATLAS using Run-1 data (at 𝑠 = 7	TeV): 
     Phys. Rev. D87 (2013) 112003 and Erratum: Phys. Rev. D 91

Ø  Measured differential cross sections of 16 characteristic observables: statistics limited! 

Ø  One lepton with 𝒑𝑻ℓ > 𝟑𝟎	GeV, missing energy (𝒑𝑻miss > 𝟒𝟎	GeV) & a photon (𝒑𝑻
𝜸 > 𝟑𝟎	GeV)

Ø Main background is jets faking lepton and photon (about 1%-4%) - data driven estimations
Ø  Compared to NLO and NNLO generators, as well as EFT interpretation

s-channel t-channel 11



Measurements of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)
vInclusive kinematics: 𝑝! 	of the photon and lepton: NLO vs NNLO
Sherpa & MG5+PY8 overestimate at large 𝑝"; while Geneva+PY8+EWvirt agrees best
NNLO QCD increase cross-section & hint of NLO EW important at high momentum
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Measurements of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)
vRadiation Amplitude Zero (RAZ): 

At leading-order (LO) in the SM, 
interference between s-channel, 
and  the t- and u-channel creates 

cancellation restored by high-order 
QCD corrections. 

SM/data consistent with unity

Dip at the angular separation in 
pseudorapidity 𝚫𝜼ℓ𝜸is a 

characteristic of RAZ.
(cool yeah !!!)
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Measurements of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)
PDF-sensitive observables: probe	the	proton	2𝑢𝑑 → 𝑊$	vs	 u𝑑̅ → 𝑊%	
v 𝑊𝛾	boost asymmetry (measured separately for events containing leptons and antileptons) 

untangle contributions of valence versus sea quarks (NNPDF4.0NNLO PDF set)

SM predictions

with
𝜎!fwdwhen |𝜂!| > |𝜂ℓ|
𝜎!centwhen 𝜂! < |𝜂ℓ|
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𝑾𝜸 → 	ℓ𝝊𝜸
Polarization-sensitive 
observables: 𝜽𝒇, 𝝋𝒇	and	𝒑𝑻

𝜸	
v 𝜃2	versus	𝜑2 probes 𝑊 boson spin 
       density matrix (baseline)
v 𝜑2	versus	𝑝3

4 sensitive EFT interference 
       effects that grows with energy (jet veto)
v   Ratio SM/data consistent with unity
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Measurements of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)
CP-sensitive observables: 
𝜑( 	versus	𝑝!

)  and 𝑂** = 𝑃% − 𝑃$
v NN is trained to distinguish between 

constructive & destructive interferences
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CP-sensitive observables:
v 𝑐5, 𝑐657 (CP-even)
v 𝑐̃5, 𝑐̃6 857 (CP-odd)

EFT interpretation of 𝑾𝜸 → 	ℓ𝝊𝜸	(ℓ = 𝒆	or	𝝁)

Limit on 𝑐̃6 857 improves by 2.5 
compares to previous measurements 

using other final states 

Linear term drives the sensitivity even 
when taking quadratic term into account
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Study of 𝒁𝒁 𝒋𝒋 → 	ℓℓ𝝊𝝊(𝒋𝒋)	 with	ℓ = 𝒆	or	𝝁
80	GeV	< 	𝑚ℓ!ℓ" < 100	Gev	&	𝐸39:;;

𝒁𝒁 → 	ℓℓ𝝊𝝊
v	𝑍𝑍 Production (QCD dominated)
v ~90% 𝑞$𝑞 and ~10% 𝑔𝑔
v SM anomalous TGC (aTGC)
v Lagrange Vertex Function (VF)
     and SMEFT interpretations

𝒁𝒁 + 𝟐	𝒋𝒆𝒕𝒔 → 	ℓℓ𝝊𝝊𝒋𝒋
v EW + QCD 
v EW production with VBF (aTGC)
     and VBS (aQGC)
v QCD production 𝑔𝑔 final state
v SMEFT interpretation

𝒪(𝛼#$% ) 𝒪(𝛼#$% ) 𝒪(𝛼#$& 𝛼'()
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𝒁𝒁 → 	ℓℓ𝝊𝝊	Fiducial cross-section 𝒁𝒁𝒋𝒋 → 	ℓℓ𝝊𝝊𝒋𝒋	Fiducial cross-section

Total cross-section extrapolated to 𝑚ℓℓ and 𝑚$$ ∈ [66, 116]GeV
𝝈measured
total (𝒑𝒑 → 𝒁𝒁) = 𝟏𝟓. 𝟑𝟖	 ± 𝟎. 𝟖𝟏 pb  with Matrix = 𝟏𝟓. 𝟒𝟎	 ± 𝟎. 𝟑𝟖 pb 

𝝈Oid = 𝟐𝟏. 𝟎	 ± 𝟏. 𝟎 fb

Sh+MG5 = 𝟐𝟎. 𝟏	 ± 𝟏. 𝟏 fb
Matrix = 𝟐𝟏. 𝟎𝟑	 ± 𝟎. 𝟑 fb

𝝈Oid = 	𝟎. 𝟗𝟔	F𝟎.𝟏𝟔
	H𝟎.𝟏𝟖 fb

Sh+MG5 = 0.94	±𝟎. 𝟐𝟎 fb
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Study of 𝒁𝒁 → 	ℓℓ𝝊𝝊	 with	ℓ = 𝒆	or	𝝁
Differential Cross-Sections

21



Limit on aTGC from 𝒁𝒁 → 	ℓℓ𝝊𝝊
Lagrange Vertex Function (VF)

EFT

Best observables to probe anomalous triple-gauge-coupling
Results obtained by setting all other aTGC parameters to zero 22
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𝐋𝐢𝐦𝐢𝐭	𝐨𝐧	𝐚𝐐𝐆𝐂	𝒁𝒁 𝒋𝒋 → 	ℓℓ𝝊𝝊(𝒋𝒋)
SMEFT for dimension-8 operator

The most stringent constraints are obtained from 𝑚!
""	for 𝑓T0 and 𝑓T1. 

The present limits are better by x2 relative to previous ATLAS results 
obtained with 𝑍𝑍 → 4ℓ events (arXiv: 2308.12324).24
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Events/6.25 GeV2

Evidence of 𝒁𝒁𝜸 → 	ℓℓℓℓ𝜸	 with	ℓ = 𝒆	or	𝝁
First	evidence	by	ATLAS	of		𝐙𝐙𝛄	production	(4.4σ)
v Signal	is	triboson	and	𝑍𝐻	production
v Mitigate	𝑍𝑍	with	FSR	photon	by	vetoing	
	event	with	any	ℓℓ𝛾	closer	to	𝑚J	and	enforcing
	𝑚ℓℓ > 40	𝐺𝑒𝑉
Minimize	|𝑚ℓℓ −	𝑚J|
	𝑚ℓℓ4 + 𝑚ℓℓ > 2𝑚J

Signal	Definition

Not	Signal
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Evidence of 𝒁𝒁𝜸 → 	ℓℓℓℓ𝜸	 with	ℓ = 𝒆	or	𝝁
v Same	flavour	opposite	sign	

lepton	pairs	(OSSF	pairs)	
compatible	with	𝑍	boson	mass

v High	signal	purity

v Main	background	is	fake	
photons	and	fake	leptons

v Profile	likehood	fit	combining	
three	channels:	4𝑒, 2𝑒2𝜇, 4𝜇

v Measurement	of	the	fitted		signal	
strength	is	statically	limited
𝝁𝒛𝒛𝜸 = 𝟏. 𝟎𝟏	#𝟎.𝟑𝟔(𝟎.𝟒𝟓	(stat. )	#𝟎.𝟎𝟑(𝟎.𝟎𝟓	(syst. ) 28



Evidence of 𝒁𝒁𝜸 → 	ℓℓℓℓ𝜸	 with	ℓ = 𝒆	or	𝝁

Observed (expected)

significance 4.4σ (4.4σ)

𝝈[id = 𝟎. 𝟏𝟒𝟒	6𝟎.𝟎𝟓𝟏7𝟎.𝟎𝟔𝟒	(stat. )	6𝟎.𝟎𝟎𝟓7𝟎.𝟎𝟎𝟕	(syst. )	[b

                            SM	= 𝟎. 𝟏𝟒𝟑	#𝟎.𝟎𝟎𝟒(𝟎.𝟎𝟎𝟕 fb
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Today: a suite of full Run-2 ATLAS results on multibosons!
Physics only accessible due to large dataset acquired at Run-2 
Conclusion: pp → 𝑽𝑽, 𝑽𝑽𝒋𝒋	𝐚𝐧𝐝	𝑽𝑽𝑽 topologies provide:

Ø Exploration of data for EWK and QCD processes: tuning MC Generators
Ø Self-couplings of the vector gauge bosons: 

üAll anomalous couplings reported today are consistent with zero

ü Triboson: 4.4𝝈 evidence established for 𝒁𝒁𝜸
ü Focus shifting to differential cross section measurements: 𝑾𝜸 and 𝒁𝒁	&	𝒁𝒁𝒋𝒋
ü Fiducial and differential cross sections are the most model independent 

characterization of the events (detector to particle-level fiducial phase space) 

ØExciting prospect with the larger datasets of Run-3 and beyond at HL-LHC

Summary
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Thank You! Any questions?

My funding in Canada

My institute and collaboration



Extra backup slides

More on EFT Thursday by Lydia Brenner

EFT measurements in ATLAS


