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Introduction

• SM processes producing multiple bosons :
• test of EW sector in SM (eg TGC)
• sensitive to perturbative QCD
• sensitive to new physics (eg resonances, 

effective field theories)
• important SM backgrounds in H 

measurements or BSM searches 

• Vector-boson scattering signatures not 
covered in this talk:
• See dedicated parallel session talk

• This talk will cover:
• 2 brand-new ATLAS results in Zɣ channel
• signpost to some other ATLAS multi-boson 

results which have come out in the last year

Triple-Gauge 
Coupling 

QCD 
corrections

BSM??
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Z(→ l+l-)ɣ  
production at 13 TeV

JHEP 03 (2020) 054
https://arxiv.org/abs/1911.04813
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• Z(ll)ɣ is particularly clean channel 
to study EW sector, + dominant SM 
background in H→Zɣ or BSM→Zɣ 
searches 

suppressed by 
(mll+mllɣ)>182 GeV

suppressed with photon isolation

signal (l = e,μ) 

Z(→ l+l-)ɣ

• This paper:139/fb at 13 TeV. 
Differential particle-level cross-
section measurements, 
unfolded with Bayesian Iterative 
Technique (2 iterations) wrt:
• ET,ɣ , |ηɣ|, mllɣ, 
• pTllɣ, pTllɣ/mllɣ, Δϕ(ll,ɣ) • Data collected with single-e/μ 

trigger (ET> 20-26 GeV 
depending on data period). 
Efficiency ~99%

sensitive to pQCD
+ measured for 1st time!

l.corpe@ucl.ac.uk
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Dominant uncertainties:
Integrated Luminosity [~1.7%]
Z+jets and PU backgrounds [~1.4%]
Photon ID/Isolation [~1.3%]
Total: ~3% syst, ~0.5% stat 5

• Main backgrounds [Data-driven estimates]:
• Z+jets: 2-dim sideband method,  

considering probability that jet passes  
ɣ ID and isolation 

• Pile-up:  New method based on estimated 
z-position of ɣ production vertex
• Pileup: no correlation between z-pos of 

dilepton and photon 
• Hard Scatter: z-pos of dilepton and 

photon should be the same
• Use high Δz events to get pure PU sample, 

and extrapolate yield back to SR

Z(→ l+l-)ɣ : Selection 

Particle-level selectionDetector-level selection
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Z(→ l+l-)ɣ : Results 

• MadGraph NLO, Sherpa NLO and 
MATRIX NNLO underestimate cross-
section by 3-6% (within uncertainties)

• MATRIX NNLO EW corrections also 
included (additively / multiplicatively). 
Reduce prediction by ~1% overall, 
largest change at high EɣT, (similar to 
the difference between NLO / NNLO)

• Spectra shapes in agreement with 
observation, although some 
differences in MATRIX NNLO at low 
mllɣ, Δϕ(ll,ɣ) 

• Overall, precision of measurement for 
inclusive cross-section is 2.9%: factor 
two improvement over ATLAS 8TeV
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Boosted Z(→ bb)ɣ  
production at 13 TeV

Submitted to PLB
https://arxiv.org/abs/1907.07093
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• Z(bb)ɣ: well-defined channel to 
measure boosted Z to high-pT jets

• important for systematics + 
identification in H->bb at high-pT

• also sensitive to potential TeV-scale 
resonances to di-bosons

• The ɣ is useful trigger handle, high-
pT requirement enhances signal 
over dominant ɣ+jet background

• This result: 36.1/fb at 13 TeV to 
make particle-level measurements 
of jet mass spectrum using 2 
different jet grooming definitions: 
“Trimming” and “Soft Drop”

Trimmed Jets: designed for mass resolution 
and stability versus pileup. Re-cluster 
components of initial R=1.0 anti-kt jet, into R=0.2 
kt sub-jets and removing those with pT less than 
5% of parent jet.

Soft-drop jets: designed to remove soft/wide-
angle radiation in IR-safe way, by re-clustering 
initial R=1.0 anti-kt jet using Cambridge-Aachen 
algorithm, and removing softer subjets unless 
certain conditions met

Z(→bb)ɣ 
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Z(→bb)ɣ : Selection 

Object/Event Criterion Reco-level Particle-level

b-jets

Radius R=0.2 (anti-kt)

Inputs tracks with pT>0.5 
GeV, |η|<2.5

b-tagging MV2c10, 70% 
working point

ghost-associated 
b-hadron

Large-R jets

Inputs Calorimeter 
energy deposits

Stable final state 
particles excluding 

µ and ν

Radius R=1.0 (anti-kt)

Grooming Trimming or Soft-drop

pT >200 GeV

|η| <2

Semileptonic b-
decays correction

"dressed" with closest muon candidate 
( pT>10 GeV, |η|<2) in ΔR<=2

Number of b-jets 2

Photons

ID/Isolation Tight [ref] pdgID=22

|η| [0,1.37] or [1.52, 2.37] 

pT >175 GeV

Events

Large-R jets >=1

Photons >=1

ΔR (jet, photon) >1

Ba
ck

gr
ou

nd
 s

ub
tra

ct
io

n

main bkg 
estimated
using data-
driven transfer 
factors from 
control regions 
inverting 
photon ID/
isolation 

other minor 
bkgs from 
simulation

signal shape 
est. from 
simulation
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Fiducial cross-section 
measurements and 
differential jet mass  
cross-section found 
to be in agreement 
with the LO 
predictions from 
Sherpa/MG+Py8

Z(→bb)ɣ : Results 

Dominant uncertainties:
Stat uncertainty in fit [30-39%]
Zy modelling [12-15%]
Backgrounds [10-13%]
Jet energy/mass scale/res [9%]
Unfolding [6-9%]
..
Total: 37-46%
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Other ATLAS 
multi-boson results
Highlights
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Measurement of WZ production and gauge 
polarisation 13 TeV with the ATLAS detector

• 36/fb at 13 TeV
• Exploit leptonic decay modes of W and Z
• Cross-sections for W+Z and W-Z, their 

ratios, and differential measurements 
• Measures helicity fractions in the fiducial 

phase space

https://arxiv.org/abs/1902.05759
Eur. Phys. J. C 79 (2019) 535
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Measurement of the 4 lepton invariant mass 
distribution at 13 TeV with the ATLAS detector

• 36/fb at 13 TeV
• Rich spectrum of SM processes
• Differential in m4l
• Double-differential in m4l vs several 

observables
• Constraints on anomalous Higgs 

couplings

https://arxiv.org/abs/1902.05892
JHEP 04 (2019) 048

https://arxiv.org/abs/1902.05892
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Evidence for the production of three massive 
vector bosons with the ATLAS detector 

• 79.8/fb at 13 TeV
• Covers WWW, WWZ, WZZ 

in 2-, 3-, 4-lepton channels

https://arxiv.org/abs/1903.10415
Phys. Lett. B 798 (2019) 134913
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Measurement of fiducial and differential WW 
production cross-sections at 13 TeV with ATLAS

• 36.1/fb at 13 TeV
• Selects opposite-flavour-lepton events to 

target WW-> evμv
• events with high-pT jets are excluded to 

suppress top background
• Fiducial and differential cross-sections
• EFT interpretation on anomalous gauge 

couplings [more info in backup]

https://arxiv.org/abs/1905.04242
Eur. Phys. J. C 79 (2019) 884
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Measurement of ZZ production in the llνν 
final state at 13 TeV with ATLAS

• 36.1/fb at 13 TeV
• Integrated cross-sections measured with 

an uncertainty of 7%, along with differential 
measurements

• Constraints on anomalous TGC

https://arxiv.org/abs/1905.07163
JHEP 10 (2019) 127
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Thank you!
Questions?
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Extra material
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Z(→ l+l-)ɣ : Backgrounds 

• Main backgrounds [Data-driven estimates]:
• Z+jets: 2-dim sideband method,  

considering probability that jet passes  
ɣ ID and isolation 

• Pile-up:  Method based on estimated  
z-position of ɣ production vertex
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Z(→ bb)ɣ : Backgrounds 

• Background templates from MC/ from 
Data  are fitted to the observed jet mass 
spectrum 

• Dominant backgrounds:
• y + jets with gluon to bb splitting  

[data-driven templates: MC not reliable]
• Calculate transfer factors from  

Control Regions with modified Nb-jet 
and inverted photon ID/isolation 
requirements 

• tty, Wy [ templates from MC ] 
• Multijet / V+jets / Hy (negligible) 

l.corpe@ucl.ac.uk
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Z(→ l+l-)ɣ and Z(→ bb)ɣ :  
Uncertainties 

Z(→ l+l-)ɣ Z(→ bb)ɣ
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WW production EFT
interpretation

• Self-coupling of EW bosons can be probed by WWZ when Ws are 
produced in s-channel

• New physics at scale Λ can alter WW production, and can be described by 
an EFT with dimension 6 -> anomalous TGC

• Constraints on EFT coeffs determined one at a time using leading l pT 
unfolded fiducial cross-section (most sensitive observable)

• Alternative pT distributions generated at LO for each Ci (SM, BSM + 
interference) in MG_aMC@NLO

• Construct likelihood function, and calculate 95%CL intervals
• Improvements wrt previous results due to increase CoM
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