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Motivation

• Multi-V (V ∈Z, W±, 𝛾) final states are an important probe of 

the SM electroweak (EWK) sector

• Sensitive to deviations from SM

• Insight into gauge boson (self-)couplings

• Natural first search channels for anomalous couplings (aTGCs

and aQGCs)

• Is the Higgs we found enough to preserve unitarity?

• Impressive theoretical progress: NNLO available for most 

states

• Run I analyses wrapping up

• Today: WZɛ3ℓ𝜈differential+aTGC, WVɛℓ𝜈q qaTGC

• Enough data ⊗ time for some mature 13 TeV results

• Today: WZɛ3ℓ𝜈inclusive, ZZɛ4ℓdifferential+aTGC, Z𝛾ɛ𝜈 𝜈𝛾
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ZZŸ4ℓ(2016 13 TeV)

• Motivation

• Very clean, fully reconstructed final state

• Sensitive to higher-order QCD corrections 

• Good channel for neutral aTGCsearch

• Background to Higgs and searches

• Inclusive and differential cross sections and

aTGC limits with full 13 TeV dataset

• Selections

• Lepton ID, isolation optimized for efficiency

• Full spectrum: 𝑚𝑍1(𝑚𝑍2) in 40(4)-120 GeV

• Z 4ℓ: 𝑚4ℓin 80-100 GeV

• On-shell: Both Z masses in 60-120 GeV
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CMS-PAS-SMP-16-017

https://cds.cern.ch/record/2256100


ZZŸ4ℓand ZŸ4ℓ

• Backgrounds small, Z+jets and 𝐭 𝐭from data

• Z+ℓ′ℓ′control regions with one or both ℓ′
failing ID or isolation

• Derive per-lepton transfer factors from 

Z+ℓ𝑓𝑎𝑘𝑒sample

• VVV, 𝐭 𝐭V and Higgs backgrounds from MC

• World-best neutral aTGC limits from 𝒎𝟒ℓfit 
with SHERPA samples

• Z→4 branching fraction:

𝕭𝟒ℓ=𝟒.𝟕𝟒±𝟎.𝟏𝟔𝐬𝐭𝐚𝐭

−𝟎.𝟏𝟕
+𝟎.𝟏𝟖𝐬𝐲𝐬𝐭±𝟎.𝟎𝟖𝐭𝐡𝐞𝐨
±𝟎.𝟏𝟐𝐥𝐮𝐦𝐢×𝟏𝟎−𝟔

• MG5_aMC: 4.6×10−6
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• Total inclusive cross section (𝒎𝐙60-120 GeV):

• NNLO: 16.2−0.4
+0.6pb [arXiv:1507.06257]

• Compatible with ATLAS

• Largest 

systematic is 

lepton 

efficiency

• Differential 

cross sections 

unfolded with 

D’Agostini

method 

(4 iterations)

ZZŸ4ℓ
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CMS-PAS-SMP-16-017

https://arxiv.org/abs/1507.06257
https://cds.cern.ch/record/2256100


WZŸ3ℓ𝜈
(7+8 TeV, 2015 13 TeV)

• Motivation

• Clean leptonic final state

• Very sensitive to higher-order QCD 

corrections

• Sensitive to charged aGC

• Background to searches (e.g. H±)

• Differential cross sections+aTGC at 8TeV,

inclusive cross section at 13 TeV

• Selections

• Three good, isolated leptons +𝐸T
𝑚𝑖𝑠𝑠

• 76 <𝑚Z<106 GeV, 𝑚3ℓ>100 GeV

• Veto on extra lepton or b jet (13 TeV)
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CMS-SMP-16-002 (PLB)

CMS-SMP-14-014 (EPJC)

https://cds.cern.ch/record/2201221
http://dx.doi.org/10.1016/j.physletb.2017.01.011
https://cds.cern.ch/record/2256070
http://dx.doi.org/10.1140/epjc/s10052-017-4730-z


WZŸ3ℓ𝜈

• Background

• Z𝛾, ZZ, VVV, V+top from MC

• Nonprompt (largest) from data control 

region like signal except with 1, 2, or 3 

leptons failing ID or isolation

• Calculate per-lepton transfer factors in 

dijet events

• Largest systematics 

are nonprompt

background estimation 

and 𝑬𝑻
𝒎𝒊𝒔𝒔

• 8 TeV aTGC limits from 

fit to Z 𝒑𝐓
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CMS-SMP-16-002 (PLB)

CMS-SMP-14-014 (EPJC)

https://cds.cern.ch/record/2201221
http://dx.doi.org/10.1016/j.physletb.2017.01.011
https://cds.cern.ch/record/2256070
http://dx.doi.org/10.1140/epjc/s10052-017-4730-z


WZŸ3ℓ𝜈

• 13 TeV total inclusive cross section:

• Theory: NLO (46.1−3.9%
+4.9%), NNLO (51.1−2.0%

+2.2%) 

[arXiv:1604.08576]

• Difference with ATLAS statistically significant

• 8 TeV differential cross sections

• DéAgostiniunfolding 

(5 iterations)

• Compare with LO 

MadGraph and fixed-

order NLO MCFM

7 July 2017 Nate Woods      ⇌ EPS HEP2017 8

CMS-SMP-16-002 (PLB)

CMS-SMP-14-014 (EPJC)

https://arxiv.org/abs/1604.08576
https://cds.cern.ch/record/2201221
http://dx.doi.org/10.1016/j.physletb.2017.01.011
https://cds.cern.ch/record/2256070
http://dx.doi.org/10.1140/epjc/s10052-017-4730-z


WVŸℓ𝜈q q
(8TeV+ 2015 13 TeV)
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CMS-PAS-SMP-16-012

CMS-SMP-13-008 (PLB)

• Motivation

• Large V(W/Z)→q qbranching fraction

• Similar to high-mass resonance search

• V boosted to BSM-sensitive “fat” jet 

• Selections at 13 (8) TeV

• Standard leptonic W, 𝑝T>200 GeV

• Vhad an AK8 (CA8) jet with substructure ID

• N-subjettiness  𝜏2𝜏1<0.6 (0.55)

• 40 <𝑚𝑝𝑟𝑢𝑛𝑒𝑑<150 (140), 𝑝T>200 GeV

• Veto additional jets (tighter cut for b jets)

• Δ𝑅ℓ,j>𝜋/2, Δ𝜙𝐸T
𝑚𝑖𝑠𝑠,j>2.0, 

Δ𝜙(Wlep,j)>2.0

https://cds.cern.ch/record/2209148
https://cds.cern.ch/record/2256070
http://dx.doi.org/10.1016/j.physletb.2017.06.009


WVŸℓ𝜈q q
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CMS-PAS-SMP-16-012

CMS-SMP-13-008 (PLB)

• Backgrounds: W+jets, 𝐭 𝐭, single-𝐭

• Shapes from analytical functions fit to MC

• Normalizations from 𝑚𝑝𝑟𝑢𝑛𝑒𝑑distributions

• Largest systematic (12%) is V-tag efficiency

• Method at 13 (8) TeV

• aTGCsignal from MG5_aMC via ME 

reweighting (MCFM without reweighting)

• Extract yields and significance with 

simultaneous fit to 𝑚WV>900 GeV 𝑝T
j

• Full 𝜈momentum found with W mass constraint

• Tighter WWZ aC limits than leptonic channels

• 8 TeV𝜆z/𝛾and Δ𝑔1
Zlimits tightest to date

https://cds.cern.ch/record/2209148
https://cds.cern.ch/record/2256070
http://dx.doi.org/10.1016/j.physletb.2017.06.009


Z𝛾Ÿ𝜈 𝜈𝛾(2015 13 TeV)

• Motivation

• Tree-level SM production only 

through ISR

• Sensitive to anomalous Z𝛾couplings

• Background to monophoton search

• Selection

• Tight photon ID and isolation

• 𝐸T
𝛾
>175 GeV, 𝜂𝛾 <1.44, 

• 𝐸T
𝑚𝑖𝑠𝑠>170 GeV

• Tight lepton veto, Δ𝜙𝛾,𝐸T
𝑚𝑖𝑠𝑠>2, Δ𝜙j,𝐸T

𝛾
<0.5

• ECAL timing cut and shape requirement to reject halo and 

detector effects
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CMS-PAS-SMP-16-004

https://cds.cern.ch/record/2204922


Z𝛾Ÿ𝜈 𝜈𝛾

• Signal MC: LO MadGraph5_aMC@NLO

• Background estimation

• W𝛾→ℓ𝜈𝛾and small others: MC

• W →e𝜈: CR with inverted pixel veto

• Transfer function from pixel efficiency

• Cosmics+ECALspikes: ECAL timing fit

• Largest systematics: energy scales, 

background estimation, EWK theory

• 𝝈𝐟𝐢𝐝=66.5 ± 13.6 (stat) ± 14.3 (syst) ± 2.2 (lumi) fb

• 𝐸T
𝛾
>175 GeV, 𝜂𝛾 <1.44

• NNLO theory: 65.5± 3.3 fb [arXiv:1504.01330]
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CMS-PAS-SMP-16-004

https://arxiv.org/abs/1504.01330
https://cds.cern.ch/record/2204922


State of the Field: WWZ aTGC
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Shown today



State of the Field: ZZ𝛾/ZZZ 
aTGC
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Shown today



State of CMS Measurements: 
Diboson Cross Sections

• NNLO calculations 

now the default

• Overall good 

agreement with SM

• Many uncertainties 

are or will soon be

systematics 

dominated

• Challenges for 

experimentalists

and theorists

• The “precision 

measurements” dream will soon be reality
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Conclusions

• Diboson measurements 

are important for SM 

and BSM physics

• CMS results in Z𝜸, 

WV, WZ, and ZZ overall 

consistent with SM

• Confirm latest theory 

calculations

• Place limits on aTGC

parameters

• Large, mature datasets allow detailed measurements even for 

low cross section processes
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Backup
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The Whole SM
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Z𝛾Yields and Systematics

• Systematics

• Yields
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More WV Plots
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All WV Limits (8 TeV)
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All WV Limits (13 TeV)
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WZ Yields and Systematics 
(8TeV)
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WZ Yields (13 TeV)
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More WZ Plots
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More WZ Plots
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ZZ Yields and Systematics
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More ZZ Plots
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More ZZ Plots
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More ZZ Differential Cross 
Sections
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More ZZ Differential Cross 
Sections
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