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Typical VBF topology selection applied
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VBF topology often exploited in analysis selection 
1. Large rapidity gap between jets Δyjj 
2. Large dijet invariant mass mjj 
3. Little hadronic activity in rapidity gap of two leading jets 
4. Low pT (or lack) of third jet / low pT of “boson+jj" system 
5. Boost (rapidity) of boson and dijet system similar 
6. pT of boson and dijet system similar + back-to-back in

  
Since σH ≪ σV and EW/strong ratio 
better for Higgs, Higgs analyses 
typically use much less stringent 

VBF topology selection 

 W/Z: 

 H:

�

pjetT & 60GeV,mjj & 1000GeV
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pjetT & 30GeV,mjj & 400GeV
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Results covered in this talk
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H→4ℓ ATLAS-CONF-2019-025, 139 fb-1 HIG-19-001, 137 fb-1

H→γγ ATLAS-CONF-2018-028, 79.8 fb-1 HIG-18-029, 77.4 fb-1

H→eνµν HIGG-2016-07, 36.1 fb-1 HIG-16-042, 35.9 fb-1 

H→ττ HIGG-2017-07, 36.1 fb-1 HIG-18-032, 77.4 fb-1

H combined ATLAS-CONF-2019-005, 80 fb-1 HIG-17-031, 35.9 fb-1

Z→ℓℓ STDM-2016-09, 3.2 fb-1 @ 13 TeV  
(STDM-2013-02, 20 fb-1 @ 8 TeV) SMP-16-018, 35.9 fb-1 @ 13 TeV

W→ℓν STDM-2014-11, 25 fb-1 @ 7-8 TeV SMP-13-012, 19.3 fb-1 @ 8 TeV

New

New

New

New
New

“New” means that it was not shown at MBI2018  
(i.e. released in the last 12 months) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-042/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-032/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-02/
http://www.apple.com
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-018/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-11/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-012/index.html


I. Higgs boson results
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H→4ℓ (1/2)
• Results based on full Run-2 dataset: 139 fb-1  

+75% data wrt previous result 

• Measure VBF (and ggF) separately for pT,H < 200 GeV and  
pT,H > 200 GeV (sensitive to BSM models) 

• STXS stage 1.1 observable defined at (truth) particle level
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ATLAS-CONF-2019-025

m4l spectrum, all events

Analysis categories relevant for VBF: 
“2j” with mjj>120 GeV, “1j”: one VBF jet falls below pT = 30 GeV

“BSM”

“BSM”

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/


H→4ℓ (2/2)
ATLAS-CONF-2019-025

Previous results, 80 fb-1 
ATLAS-CONF-2018-018

µVBF = 2.8 ± 1.0

• Main changes relevant to VBF wrt previous analysis: 
• +75% more data, VBF extraction based on  

neural nets instead of BDT

!7

Postfit “2j” Postfit 2j high pT

µVBF = 1.4 ± 0.5

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/


!8

22 sub categories7 main analysis categories

• Results based on full Run-2 dataset: 137 fb-1  

• Event first split into 7 analysis categories 

• Then split finer into 22 subcategories based on several  
matrix element discriminators

H→4ℓ (1/2)
HIG-19-001

m4l spectrum, all events

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html
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22 sub categories7 main analysis categories

• Results based on full Run-2 dataset: 137 fb-1  

• Event first split into 7 analysis categories 

• Then split finer into 22 subcategories based on several  
matrix element discriminators

H→4ℓ (1/2)
HIG-19-001

m4l spectrum, all events

“VBF 2 jet mjj > 700” analysis expects 2.25 events with ~80% VBF purity. 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html


H→4ℓ (2/2)
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Expected and observed event counts in each of the 22 analysis categories. 
Predicted counts are split into Higgs production mode and backgrounds.

HIG-19-001

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html


H→4ℓ (2/2)
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Expected and observed event counts in each of the 22 analysis categories. 
Predicted counts are split into Higgs production mode and backgrounds.

HIG-19-001

Fit results for Stage 1 STXS categories.

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html


H→γγ
ATLAS-CONF-2018-028

VBF
other Higgs modes

• Based on 2015-2017 dataset (full Run-2 analysis in progress) 

• Measure 9 STXS stage 1 categories and signal strengths 

• Four VBF optimized analysis categories, up to 75% VBF purity 

!10

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
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H→γγ
ATLAS-CONF-2018-028

VBF
other Higgs modes

• Based on 2015-2017 dataset (full Run-2 analysis in progress) 

• Measure 9 STXS stage 1 categories and signal strengths 

• Four VBF optimized analysis categories, up to 75% VBF purity 
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BSM-like requires pT,j1 > 200 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
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• Based on 2016+2017 dataset, 77.4 fb-1 

• Dataset spilt into 24 analysis categories 
• Six of them dedicated to VBF using BDTs 

• The fitted VBF signal strength is extracted as 
part of a seven parameter fit to be: 
 
 

• A 13 parameter STXS fit is 

H→γγ

• A 13 parameter fit measures 3 VBF STXS 
categories, and one "VBF-like ggF” category 

HIG-18-029

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/index.html


VBF in H→W*W→eνµν

• Based on 2016 13 TeV dataset (35.9 fb-1) 

• Signal strength measured in event categories 

• VBF-tagged selection (reco. level) in eνµν events  

• 31.2 expected events with high VBF purity  

• Measured meµ spectrum for such events with
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N30GeV
jets = 2,�⌘ > 3.5

<latexit sha1_base64="SCElRsfByfMb+zY4fsupFgH6kLc="></latexit>

mjj 2 (400, 700) GeV
<latexit sha1_base64="h4mkUGbXmzSFUxVVdxwRk20vUXw="></latexit>

mjj > 700 GeV
<latexit sha1_base64="vkQ/s17yS1+AFpg9Kk9woujK8ic="></latexit>

Slight deficit in 
Higgs mll region for 
VBF-tagged events 
µ = 0.72+0.44

�0.41
<latexit sha1_base64="PPPQYV1zhK8zx9nd/zLEpaC/buo="></latexit>

https://www.sciencedirect.com/science/article/pii/S0370269319301169?via=ihub
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mjj > 700 GeV
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Slight deficit in 
Higgs mll region for 
VBF-tagged events 
µ = 0.72+0.44

�0.41
<latexit sha1_base64="PPPQYV1zhK8zx9nd/zLEpaC/buo="></latexit>

STXS stage 0

Global fit  
ggF and VH above SM → push VBF down

https://www.sciencedirect.com/science/article/pii/S0370269319301169?via=ihub


VBF in H→W*W→eνµν 
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• Based on 2015+2016 13 TeV dataset (36.1 fb-1) 

• VBF measurement based on events with:  
Njets ≥2, no pT>20 GeV jet and none of the leptons in jj-rapidity gap 

• These events further split based on 4-BDT bins to enhance VBF. Variables used: 

•

Post-fit  
ggF, VBF

VBF expected: 0.81±0.02 pb

https://www.sciencedirect.com/science/article/pii/S0370269318309936


H→ττ

• Based on 2015-2016 dataset  

• Targets boosted (high pT,H) ggF and VBF 

• Complex event categorization with 13 SRs, 
seven of which target VBF  

• Dominant systematic uncertainties from 
QCD calculations (assumed shape of pTH, 
pTj etc) and jet energy resolution and scale

!14

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001


H→ττ

• Based on 2016-2017 dataset  

• Complex event classification is preformed 
using a NN splitting events into two signal  
(ggF and qqH) and eight background classes 

• 1-POI likelihood fit:

!15

HIG-18-032

• Separate VBF and ggF extractions finds VBF 
being spot-on SM prediction 

• ggF ~1.5 sigma low 
µ(VBF+VH-had) = 1.03± 0.26 (stat) ± 0.14 (syst)

<latexit sha1_base64="iF1EZXsAHwzCCnDHpQ8tqLykgaE="></latexit>

https://www.sciencedirect.com/science/article/pii/S0370269318301035?via=ihub
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-032/index.html
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https://www.sciencedirect.com/science/article/pii/S0370269318301035?via=ihub
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-032/index.html


ATLAS-CONF-2019-005

• Based on 2015-2017 γγ, ZZ, WW, ττ, bb data (up to 80 fb-1) 
• Note: hence based on previous HZZ result 

• 5 parameter production mode gives VBF 1.21 times SM 
• Statistical uncertainty dominates 

Combined Higgs result

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/


ATLAS-CONF-2019-005

• Based on 2015-2017 γγ, ZZ, WW, ττ, bb data (up to 80 fb-1) 
• Note: hence based on previous HZZ result 

• 5 parameter production mode gives VBF 1.21 times SM 
• Statistical uncertainty dominates 

<20% uncertainty!

Combined Higgs result

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/


Combined Higgs results

• Based on 2016 dataset γγ, ZZ, WW, ττ, bb, µµ 35.9 fb-1 
• Note:  only 25% of full Run-2 dataset 

• Combined measurement still quite precise: 
• 23% stat error, 17% sys error 

• As for ATLAS  
Several channels important: γγ, WW, ττ 
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Sirunyan, A.M., Tumasyan, A., Adam, W. et al.  
Eur. Phys. J. C 79 (2019) 421.  
https://doi.org/10.1140/epjc/s10052-019-6909-y

New: 0.64 ± 0.45

New: 0.8 ± 0.4

New: 1.03 ± 0.30  
(VBF+VH-had)

https://doi.org/10.1140/epjc/s10052-019-6909-y
http://dx.doi.org/10.1140/epjc/s10052-019-6909-y


II. EW Zjj VBF results
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ATLAS CMS

STDM-2016-09, 3.2 fb-1 SMP-16-018, 35.9 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-09/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-018/index.html


Electroweak Zjj production

• First studies at 7 TeV by CMS, observation by 
ATLAS at 8 TeV, confirmed by CMS 

• Remeasured by both experiments at 13 TeV 

• Measurements 
• ATLAS: fiducial cross sections 
• CMS: signal strength and inclusive cross 

sections (BDT based) 

• Different phase-space targeted by ATLAS and 
CMS: comparison of results not straight forward

!19

• Dominant background: 
Strong Zjj production 
(standard Z production + 2 jets) 
• Referred to as QCD-Zjj or  

just “QCD” on ATLAS plots 
• Drell-Yan by CMS

https://www.sciencedirect.com/science/article/pii/S0370269317308523
https://link.springer.com/article/10.1140/epjc/s10052-018-6049-9#citeas


VBF Z result (1/2)

• Results based on first 13 TeV data (2015) 3.2 fb-1 

• Six fiducial regions defined to measure inclusive 
Zjj (strong and EW combined) 

• EW Zjj signal extracted from template fit vs mjj in 
EW enhanced region  

• Main issue: Modelling of strong Zjj contribution

MC samples tend to 
overestimate strong 

Zjj at high mjj. In 
particular Sherpa.

https://www.sciencedirect.com/science/article/pii/S0370269317308523


VBF Z result (2/2)

• A data-based correction factor is derived in the 
strong-Zjj enhanced region and is applied also to 
the strong Zjj prediction in the VBF region 
• Scales down strong Zjj template at high mjj 

• Crucial to get sensible EW Zjj measurements

Correction applied to strong Zjj.• After this data-driven correction to the 
dominant background, measured σVBF 
is very close to SM prediction 
• Dominant uncertainty bkg modelling 

• Analysis based on full Run-2 dataset 
that includes differential cross section 
measurements is in progress

https://www.sciencedirect.com/science/article/pii/S0370269317308523
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VBF Z result (1/2)

• Results based on 2016 13 TeV data 35.9 fb-1 

• Important difference wrt to ATLAS: strong Zjj modelled by aMC@NLO accurate to 
NLO for the first three jets using the FxFx merging prescription  

• Different strategy: very loose preselection (similar to Higgs analysis) followed by BDT 
analysis using 5 input variables:  
mjj, Δηjj, pTjj, j1 and j2 quark-gluon tagging  
score, pT,Zjj / HT,Zjj 

https://link.springer.com/article/10.1140/epjc/s10052-018-6049-9#citeas


VBF Z result (2/2)

• Measured EW Zjj cross section found consistent with SM 

• Several systematics significant @ 3-6%  
Uncertainties on strong Z+jets (µr/µf,  parton-shower, interference with EW Zjj) 
JES/JER, pileup, MC statistics 

• pTZ spectrum also studied for aTGC  
providing 1D constraints on cWWW, cW. 

• In particular sensitive to cWWW 
 
 
 

• Also study hadronic jet kinematics in  
EW Zjj enhanced region 

• Jet vetoes, pTj3, HT of tracks 

• Indication MC overestimate such jet, 
in particular when Pythia used for PS

https://link.springer.com/article/10.1140/epjc/s10052-018-6049-9#citeas


III. VBF W results
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ATLAS CMS

STDM-2014-11, 25 fb-1 @ 7-8 TeV SMP-13-012, 19.3 fb-1 @ 8 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-11/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-012/index.html
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• 2011+2012 dataset (7+8 TeV) 

• Measurement in several fiducial region,  
separately EW and strong Wjj 

• Selection: Standard W→ℓν selection and

EW Wjj result

• Control regions used to constrain strong Wjj 
• Cross section (of SR) extracted from mjj template fit

EW Wjj

https://link.springer.com/article/10.1140/epjc/s10052-017-5007-2
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• 2011+2012 dataset (7+8 TeV) 

• Measurement in several fiducial region,  
separately EW and strong Wjj 

• Selection: Standard W→ℓν selection and

EW Wjj result

• Control regions used to constrain strong Wjj 
• Cross section (of SR) extracted from mjj template fit

EW Wjj

https://link.springer.com/article/10.1140/epjc/s10052-017-5007-2


S
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https://link.springer.com/article/10.1007/JHEP11(2016)147


S
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SM (@LO)

https://link.springer.com/article/10.1007/JHEP11(2016)147
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Conclusion and outlook

• Higgs VBF 
• Agreement with SM prediction 
• Statistical uncertainty still dominating 

• But expected to be very close to systematics for full Run2 combined results! 
• Differential measurements of inclusive Higgs boson production 

(ggF+VBF+VH+ttH…) are being made but still have sizeable uncertainties in 
regions relevant to VBF 

• Z and W VBF 
• Systematics dominated 
• Background modelling often main systematics 
• New ideas to reduce systematics and/or use of new MC could help significantly
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Full Run-2 H→γγ
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Full Run-2 H→γγ
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EFT limits
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CMS Higgs combination



H->4l ATLAS event and STXS categories
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ATLAS H→ττ  
SRs and CRs



• ATLAS public results  
https://twiki.cern.ch/twiki/bin/view/AtlasPublic 

• ATLAS conference talk page: 
https://glance.cern.ch/atlas/speakers/publicglance/talksbyconference
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Figure 6: Measured cross section for Z + jets as a function of the transverse momentum of the
first jet. Other details are as mentioned in the Fig. 4 caption.

•  Sherpa&2.2,!Alpgen+Py6,!MG5_aMC+Py8&FxFx&do!not!describe!data!precisely!for!high!jet!mulGplicity!(large!
fracGon!of!jets!produced!by!PS),!but!MG5_aMC+Py8!FxFx!does!a!good!job!for!pT

jet!

•  DistribuGons!dominated!by!a!single!jet!mulGplicity!are!modelled!well!by!fixed[order!NLO!(BlackHat
+Sherpa!)!or!NNLO!(Njej)!calculaGons!

•  Too[hard!jet!spectrum!by!MG5_aMC+Py8&CKKWL&(LO!matrix!elements)!
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Fig. 5 Measured cross section as a function of the leading jet pT for
inclusive Z+ ≥ 1, 2, 3, 4 jet events (left) and absolute value of the
leading jet rapidity for inclusive Z+ ≥ 1 jet events (right). The data
are compared to the predictions from Z+ ≥ 1 jet Njetti NNLO,Black-
Hat+Sherpa, Sherpa 2.2,Alpgen+Py6, MG5_aMC+Py8CKKWL,
and MG5_aMC+Py8 FxFx. The error bars correspond to the statisti-
cal uncertainty, and the hatched bands to the data statistical and sys-

tematic uncertainties (including luminosity) added in quadrature. The
details of the prediction uncertainties are given in the text. For clar-
ity, uncertainty bands are not shown for the Monte Carlo predictions
in the left-hand plot. Uncertainties from the QCD scale variations for
the Z+ ≥ 1 jet Njetti NNLO predictions are included, as described in
Sect. 3.3
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Fig. 6 Measured cross section as a function of jet pT for exclusive
Z+1 jet events (left) and exclusive jet multiplicity (right). The data are
compared to the predictions from BlackHat+Sherpa, Sherpa 2.2,
Alpgen+Py6, MG5_aMC+Py8 CKKWL, and MG5_aMC+Py8 FxFx.

The error bars correspond to the statistical uncertainty, and the hatched
bands to the data statistical and systematic uncertainties (including
luminosity) added in quadrature. The details of the prediction uncer-
tainties are given in the text
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•  Cross& sec>ons& unfolded& at& par>cle& level& for! jet! mulGpliciGes! up! to! 7& (ATLAS)! and! 6! (CMS)! and!
differenGally!vs!the!transverse!momentum!of!the!Z!boson!and!several!jet!kinemaGc!variables.!!

•  Dominant!systemaGc!uncertainty!from!jet&energy&scale&
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dominant systematic uncertainty for all bins with at least one
jet.

Figure 3 shows a comparison of the electron and muon
channels for the measured fiducial cross section as a func-
tion of the inclusive jet multiplicity and of the leading jet pT
for inclusive Z+ ≥ 1 jet events. This figure demonstrates
that the results in the electron and muon channels are com-
patible and hence can be combined to improve the precision
of the measurement. This figure also shows the result of this
combination described below.

The results from the electron and muon channels are com-
bined at dressed level for each distribution separately: inclu-
sive and exclusive jet multiplicities, ratio for successive inclu-
sive jet multiplicities, leading jet pT for Z+ ≥ 1, 2, 3, 4 jet
events and jet pT for exclusive Z + 1 jet events, leading jet
rapidity for inclusive Z+ ≥ 1 jet events, HT, !φjj, and mjj.
A χ2 function whose sum runs over all measurement sets
(electrons and muons), measurement points, and some of
the uncertainty sources, is used for the combination [79,80]
and distinguishes between bin-to-bin correlated and uncorre-
lated sources of uncertainties, the latter comprising the sta-
tistical uncertainty of the data and the statistical unfolding
uncertainty. Uncertainties specific to the lepton flavour and

to the background are included in the χ2 function, while
the remaining, flavour-uncorrelated, systematic uncertainties
related to jets, pile-up, luminosity, and unfolding are aver-
aged after the combination.

8.2 Comparisons of results to predictions

The cross-section measurement for different inclusive Z +
jets multiplicities and their ratios obtained from the combi-
nation are found in Tables 5 and 6. Figure 4 shows the com-
parison of these results with the NLO QCD fixed-order cal-
culations from BlackHat+Sherpa and with the predictions
from Sherpa 2.2,Alpgen+Py6, MG5_aMC+Py8CKKWL,
and MG5_aMC+Py8 FxFx. The plots show the particle-level
cross section with the generator predictions normalised to
the inclusive NNLO cross sections in the top panel, accom-
panied by the ratios of the various predictions with respect to
the data in the bottom panels. Uncertainties from the parton
distribution functions and QCD scale variations are included
in the BlackHat+Sherpa predictions, as described in
Sect. 3.3. A constant 5% theoretical uncertainty is used
for Sherpa 2.2, Alpgen+Py6, MG5_aMC+Py8 CKKWL,
and MG5_aMC+Py8 FxFx, as described in Table 1. The
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Fig. 4 Measured cross section as a function of the inclusive jet
multiplicity (left) and ratio for successive inclusive jet multiplicities
(right) for inclusive Z + jets events. The data are compared to the
predictions from BlackHat+Sherpa, Sherpa 2.2, Alpgen+Py6,
MG5_aMC+Py8 CKKWL, and MG5_aMC+Py8 FxFx. The error bars
correspond to the statistical uncertainty, and the hatched bands to

the data statistical and systematic uncertainties (including luminos-
ity) added in quadrature. A constant 5% theoretical uncertainty is
used for Sherpa 2.2, Alpgen+Py6, MG5_aMC+Py8 CKKWL, and
MG5_aMC+Py8 FxFx. Uncertainties from the parton distribution func-
tions and QCD scale variations are included in the BlackHat+Sherpa
predictions, as described in Sect. 3.3
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