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Overview
Motivation:

▶ Test electroweak (EWK) sector at LHC energies
▶ Search for anomalous neutral triple gauge couplings (aTGCs) /∈ SU(2)L ×U(1)Y
▶ Rich electroweak andQCD phenomenology— see next slide!

Analyses:

▶ pp → ℓ+ℓ−ℓ′+ℓ′− mass [STDM-2017-09]
▶ ZZ → ℓ+ℓ−νν̄ [STDM-2017-03]
▶ Zγ → νν̄γ [STDM-2017-18]
▶ Zγ → ℓ+ℓ−γ [ATLAS-CONF-2019-034] (NEW!)

All use 36 fb−1 of 13 TeV proton-proton collision data, except Zγ → ℓ+ℓ−γ (139 fb−1)

Statistical uncertainty dominates for differential cross sections
(except for Zγ → ℓ+ℓ−γ)

Inclusive with respect to hadronic jets
I.e. (almost) all observables are integrated over jet multiplicities and kinematics 2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-034


Subprocesses & theory status
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Colour-singlet final state→ differential, fiducial NNLO calculations available

EWK corrections becoming available

Loop-induced gluon-gluon initiated subprocesses, with large LO→NLOQCD
corrections

Fragmentation photon contribution can be removed by Frixione isolation [hep-ph/9801442]
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https://arxiv.org/abs/hep-ph/9801442


Analysis strategies

Use fiducial phase spaces defined in terms of stable particles
to limit model dependence

Reconstructed objects:

▶ Charged leptons:
▶ If two leptons: medium identification, pT ≳ 25GeV, isolated
▶ If four leptons: loose identification, down to pT ≳ 7GeV, isolated

(Inclusive pT spectrummostly determined by the electroweak scale)
▶ Photons:

▶ If no charged leptons: require high ET > 150 GeV, isolated
▶ If charged leptons: require ET > 30 GeV, isolated

▶ EmissT (neutrinos): poorer resolution, require EmissT > 150 GeV

Backgrounds withmisidentified/non-prompt leptons or photons
determinedwith partially data-drivenmethods
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pp→ 4ℓ
STDM-2017-09
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09


pp → 4ℓ: four-leptonmass
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Reconstructed yields
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Unfolded cross section

Rich structure of contributing subprocesses

Fitted gg → 4ℓ normalisation w.r.t. NLO prediction: µgg = 1.3± 0.5 (exp. 1.0± 0.4)
W.r.t. LO: µgg = 2.7± 0.9 6



pp → 4ℓ: m4ℓ vs. matrix-element discriminant
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Bottom: more (s-channel) “Higgs-like”

Constrain off-shell Higgs production cross section (m4ℓ > 180 GeV):
Upper limit of 6.5 times SM prediction (95%CL) — 1σ expected: [4.2, 7.2]
Dedicatedmeasurement: 4.5 times SM prediction [HIGG-2017-06]

7

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06


ZZ→ 2ℓ2ν
STDM-2017-03
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03


ZZ→ 2ℓ2ν: overview

Larger cross section than the cleaner ZZ → 4ℓ [STDM-2016-13]
∼20% Z branching fraction vs.∼7%.

∼70% of background is partially identifiedWZ → ℓ′νℓ+ℓ−

Shapes fromMC, normalisation from 3-lepton control region
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-13


ZZ→ 2ℓ2ν: kinematics and selection
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Selected regions indicated in the figures

Requirements on all observables except the one shown are already applied
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ZZ → 2ℓ2ν: cross sections

Extrapolated cross section agrees with 4ℓ-channel measurement:
σtotZZ = 17.2±0.6 (stat) ±0.4 (syst) ±0.6 (lumi) pb
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ZZ → 2ℓ2ν: search for ZZZ and ZZγ couplings
Search for new physics using unfolded pT(ℓℓ) distribution

Better BSM sensitivity than ZZ → 4ℓ
Fiducial cross section around the same size, but ℓℓνν hasmore events at high pT(ℓℓ)

4− 3− 2− 1− 0 1 2 3 4
3−10×

γ
4f

3−
2−
1−
0
1
2
3
4
5

3−10×

Z 4f ATLAS 
s = 13TeV, 36.1 fb-1

Observed
Expected

σ 1 ±Expected 
σ 2 ±Expected 

SM Pred.

CP-conserving

4− 3− 2− 1− 0 1 2 3 4
3−10×

Z
4f

3−
2−
1−
0
1
2
3
4
5

3−10×

Z 5f ATLAS
s = 13TeV, 36.1 fb-1

Observed
Expected

σ 1 ±Expected 
σ 2 ±Expected 

SM Pred.

CP-conserving vs. CP-violating

12



Z(→ νν)γ & Z(→ ℓℓ)γ (NEW!)

STDM-2017-18 & ATLAS-CONF-2019-034
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-034


Zγ: overview

Z(→ νν)γ has larger cross section than Z(→ ℓℓ)γ,
still less background than Z(→ qq )γ (QCD jets!)

Backgrounds:

▶ Jet⇝ photon (fitted in 2D sidebandwith inverted photon ID and/or isolation)

▶ In Z(→ νν)γ:

▶ Electron⇝ photon (fake factor from Z → ee events, applied toW → eν events)
▶ W(→ τν, µν, eν)γ and γ + jets

Normalisation fitted to data in control regions: 1-lepton, small EmissT significance
→ significantly reduces systematic uncertainty w.r.t. 8 TeV [STDM-2014-01]

▶ In Z(→ ℓℓ)γ:

▶ Pileup of Z → ℓℓ and γ (fitted to zγ − zvertex), around 2% of total expected yield
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-01


Zγ: kinematics
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Z(→ νν)γ: differential cross sections
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(no charged-lepton veto, no EmissT significance and direction requirement) 16



Z(→ ℓℓ)γ: differential cross sections
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Z(→ νν)γ: search for ZZγ and Zγγ couplings
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Search uses the yield in the bin EγT > 600GeVwith jet veto (previous slide)

Only CP-conserving coefficients considered
The confidence intervals for the corresponding CP-violating ones are very similar

Currently world’s best limits on neutral aTGCs
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Summary
Rich programme of inclusive neutral dibosonmeasurements

Strengths of different Z decay channels:

▶ Charged leptons: higher precision and acceptance at low pT,
→ good for inclusive cross sectionmeasurements

▶ Neutrinos: higher cross section,
→ good for BSM sensitivity at high scales

Search for aTGCs

▶ No deviation from the SM observed
▶ Set world-leading limits

Model-independence and interpretability have high priority
Searches/interpretations using unfolded cross sections

Statistical uncertainty will decrease withmore data

Thank you for your attention!
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Backup
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ZZ → 2ℓ2ν: fiducial definition
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ZZ → 2ℓ2ν: event selection
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ZZ → 2ℓ2ν: yields
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pp → 4ℓ: event selection
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pp → 4ℓ: fiducial definition
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pp → 4ℓ: secondary dileptonmass

Piecewise definition of lowermass requirement of secondary dilepton:

f (m4ℓ) =



5GeV, form4ℓ < 100GeV

5GeV+ 0.7× (m4ℓ − 100GeV) , for 100GeV < m4ℓ < 110GeV

12GeV, for 110GeV < m4ℓ < 140GeV

12GeV+ 0.76× (m4ℓ − 140GeV) , for 140GeV < m4ℓ < 190GeV

50GeV, form4ℓ > 190GeV
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pp → 4ℓ: matrix-element discriminant

DME = log10
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Thematrix elements are evaluated at LOwithMCFM8.0
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pp → 4ℓ: Z → 4ℓ branching ratio
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Z(→ νν)γ: fiducial definition
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Z(→ νν)γ: extended fiducial definition

30



Z(→ νν)γ: yields
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Z(→ νν)γ: integrated cross sections

Extrapolated to simplified “extended fiducial region”
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