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SM measurements in a nutshell

2

Measurements of 
Multi-Boson 
Production 
processes:
At the moment 
including 
diboson/triboson/
VBS/VBF/…
(Vγ/Vγγ/VVγ but 
not γγ/γγγ)

Being the rare 
processes in SM at 
LHC, desire a good
discrimination
against enormous
backgrounds.
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Vector Boson Scattering topology in a nutshell
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Vector Boson 
Scattering (VBS) is a key 
process
to probe the 
mechanism of 
electroweak symmetry
breaking.
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Main interest of VV scattering
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The mh = 125 GeV Higgs will unitarize VVàVV scattering provided it has SM hVV couplings.
This can be carefully examined by either
• Precide measurements of the hVV couplings at the light Higgs resonance
• Measurement of VVàVV differential cross sections at high pT and invariant mass

w/ Higgs

w/o Higgs

JHEP11(2008)010
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VV scattering topology SM review
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VBS measurement sensitivity prospect at 8TeV vs 13TeV
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[CERN-THESIS-2014-105]

How much the jump in 
energy buy us
• Measurements mostly 

stat. limited
• Signals mostly qq

initiated→no huge jumps 
in inclusive x-sec

• Still EWK production tends 
to raise slightly faster than 
QCD at high m(jj), being
the most interesting part
sensitive to high √s of the
bosons scattering
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VBS signature in short
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▪ Typical VBS topology
▪ tagging jets:

▪ transverse momenta: pT(j1), pT(j2)

▪ invariant mass: M(jj)

▪ rapidity difference: ΔY(jj)

▪ central jet veto
▪ centrality:

▪ pT balance:
▪ All hard process decay products and jets
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Experimental challenges per final states
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Observed!

Observed!

New
Observed!

Observed!

Observed!

Evidence
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A clean signature of VBS 
like-sign WW pair 
production event display, 
observed by ATLAS (2018) 
and CMS (2017) at >5𝜎
significance
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Former accomplishments: 1st observation of same-sign WW VBS 
processes at ATLAS
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ATLAS Collaboration Physics Briefing highlights for ssWW 5-σ observation:
http://atlas.cern/updates/physics-briefing/weak-lightsabers
ICHEP2018 highlights: Conf notes, Plenary talk, Parallel talk

Phys. Rev. Lett. 123（2019）161801

ATLAS on twitter:

http://atlas.cern/updates/physics-briefing/weak-lightsabers
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-030/
https://indico.cern.ch/event/686555/contributions/2975622/
https://indico.cern.ch/event/686555/contributions/2975621/
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Former accomplishments: 1st observation of WZ VBS processes at LHC
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ATLAS Collaboration Physics Briefing highlights for WZ 5-σ observation:
http://atlas.cern/updates/physics-briefing/weak-lightsabers
ICHEP2018 highlights: Conf notes, Plenary talk, Parallel talk

ATLAS twitter:

Background 
constraint/esti
mate w/ BDT

Signal 
Extraction

Phys. Lett. B 793 (2019) 469

1st differential 
measurement

http://atlas.cern/updates/physics-briefing/weak-lightsabers
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-030/
https://indico.cern.ch/event/686555/contributions/2975622/
https://indico.cern.ch/event/686555/contributions/2975621/


Page .Page .

Former accomplishments: 1st observation of WZ VBS processes at LHC
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ATLAS Collaboration Physics Briefing highlights for WZ 5-σ observation:
http://atlas.cern/updates/physics-briefing/weak-lightsabers
ICHEP2018 highlights: Conf notes, Plenary talk, Parallel talk

ATLAS twitter:

Background 
constraint/esti
mate w/ BDT

Signal 
Extraction

Phys. Lett. B 793 (2019) 469

1st differential 
measurement

http://atlas.cern/updates/physics-briefing/weak-lightsabers
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-030/
https://indico.cern.ch/event/686555/contributions/2975622/
https://indico.cern.ch/event/686555/contributions/2975621/
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Recent highlights: 1st observation of ZZ VBS process at LHC
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Obs. 5.5 σ
Exp. 4.3 σ

Utilizing 139
fb-1 full Run-2
data

EPS-HEP conf 
note
ATLAS-CONF-
2019-033

Paper under 
submission
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▪ VBS in a further extrapolated phasespace after inclusive ZZ selection plus VBS-enriched dijet cut

▪ MVA (BDTG)-based analysis is used then to extract the EW VBS ZZ signal from background

▪ Interference between EW and QCD as systematic on the EW VBS ZZ production measurement

▪ Combining ZZà4l and ZZà2l2v final states to gain enough sensitivity:

▪ ZZà4l channel:

▪ Clean experimental signature except QCD induced ZZjj, small “other” background contribution (~3%):
fake leptons from Z+jets, ttbar, WZ; irreducible backgrounds from other rare processes such as ttV
and VVV.

▪ The QCD 4l+jj being the major background. EW/QCD is around 20% level overall, MVA discriminant is 
adopted.

▪ ZZà2l2v channel:

▪ Much larger backgrounds: WZ, WW + ttbar, +irreducible QCD ZZjj (when looking for EW)

▪ Z+jets w/ fake MET largely suppressed while tightening MET-significance cut

▪ EW/background ~15%, MVA becomes essential but more complicated than 4l channel

ZZ VBS analysis strategy overview

15
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ZZ VBS object and event selections overview
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Generally tighter selections in llvv channel due to more backgrounds
Going into VBS-rich region after dijet selection

QCD ZZjj:
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BDT MVA analysis in ZZ VBS
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Gradient BDT in both channels:
• 4l: EW vs QCD
• 2l2v: EW vs All except Zjets (b/c of large

negative weights)
• All likely discriminating variables taken into

account, except those badly modeled (e.g.
Centrality) and lowest ranked ones

Mjj and BDT score in QCD CR
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▪ The theoretical uncertainties commonly estimated by varying certain physics parameters (QCD scale 
choice, PDF tuning, couplings …).

▪ The shape differences of different generators cannot be covered by QCD up/down variations

▪ Two different generators (Sherpa and MG) are used to compare the modelling of the QCD processes at 
matrix element level

QCD ZZjj modeling uncertainties in ZZ VBS
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ATLAS PhD thesis by J. Chen
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Other background treatments in 2l2v channel
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WZ dominant CR:

Non-resonant 2l control region:
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ZZjj EWK/QCD interference treatment
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• EWK-QCD interference is neglected. The
estimated size of interference is treated as 
an additional uncertainty, studied in truth 
level then convert to reconstruction level.

• The size of interference over EW 
contribution reduces when entering more 
EW-signal like regions → treatment of 
interference is not critical to the results.

• Uncertainty due to interference:7(2)% in 4l
(2l2ν) channel. Difference mostly due to
different mjj cut between two channels.

ATLAS PhD thesis by J. Chen
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Summary of ZZ VBS measurements
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Observation:

Signal/Bgd
yield
estimations:
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Event display of the ZZ VBS process
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Recent highlights: 1st evidence of Z𝛾 VBS process at ATLAS
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QCD bgd of Z𝛾jj

EWK signal of Z𝛾jj arXiv:1910.09503

Utilizing 36fb-1 data of 2015+2016
MVA analysis with BDT
Exp./Obs. Signif. = 4.1𝛔
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Overview of the measured fiducial phasespace of Z𝛾 VBS
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Analysis scheme: BDT MVA analysis w/ Cut-Based x-check
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MVA:
• Baseline selection

splitting into BDT region
and b-tagged control
region for ttbar+photon

• Fit BDT output in BDT
region to extract signal

Cut-based:
• BDT region splitting into

low and high Mjj
(500GeV edge)

• Fit Centrality of Z+photon

2l SFOC with pT > 20GeV
1𝛾 with pT > 15GeV

FSR and Isolation cuts N(jet) ≥ 2
with pT>50GeV

Mjj>15GeV |𝛥𝜂jj|>1
Centrality<5
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Background estimation strategy (pre-fit)

26

Z+jets
• estimated in relaxed region 

(pt jets>30 GeV, but 
excluding the SR) using ABCD 
method (isolation vs anti-ID).

• Extrapolated to the BDT 
region given the Z𝛾 to Z+jet
event shape consistency

tt+𝛾
• Estimated by constructing b-

CR: # of b-jets >0
• Normalization factor derived

using MG5_aMC@NLO MC

Other Backgrounds
• Based on MC prediction
• Small contribution of the 

order of 0.5% in the SR and 
1% in the b-CR.

• Largest contributions:
• WZjj (QCD and EWK)
• Single top, mostly tW

ATLAS PhD thesis by J. Chen
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BDT inputs for Z𝛾 VBS
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Systematic uncertainties
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Summary of Z𝛾 VBS measurements
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Z𝛾jj EWK fid.

Z𝛾jj QCD+EWK fid.

Signal and Bgd yields:

Summary of the measured significance:
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▪ LHC Run2 provides large amount of pp collision data at a higher center-of-mass energy, 
giving rise to VBS observation sensitivity

▪ Observed VBS-VV channels: like-sign WW, WZ, ZZ(NEW Observation!)
▪ Upcoming channels w.i.p.: ZZ, W/Z+γ(evidence!), semileptonic WV(jj)/ZV(jj)
▪ Important test of EWSB and higgs mechanism in the unitarization of VVàVV scattering
▪ Next steps: differential measurements, 1st extraction of VLVL polarization components

▪ Potential showstoppers and improvements
▪ Quark/Gluon induced jet separation using jet substructure technique to distinguish “color-charge” 

(tracking info, multiplicities, track jet width, calo topo cluster width, etc.)
▪ Forward tracking improvement in future LHC upgrade
▪ Pileup jet suppression in forward region
▪ Theoretical uncertainties: improvement of high order precision in QCD irreducible background 

modelings, high order EWK effect predictions, interference modeling
▪ Experimental challenges: Charge flips, soft-leptons
▪ New physics probing: (doubly-)charged higgs, MSSM, aQGCs

Summary and prospects

30


