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Disclaimer

• many new and interesting results 
from ATLAS and CMS in SM and 
SM Higgs physics covering the full 
2015+2016 dataset at 13 TeV

• not possible to show all results in this 
talk

• 2015-2016: more than 36/fb of LHC 
pp collision data recorded by 
ATLAS and CMS

• peak luminosity of 
• pile-up of ~25 on average  

(~45 maximum)
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Outline

• vector boson fusion (VBF) production: 
• SM electroweak (EW) Z + jets
• VBF Higgs boson

• ttH production and tt+HF, ttW/Z backgrounds

• ttH(bb) and ttH multilepton from ATLAS and CMS

• ttH combination from ATLAS: evidence with the full 
2015+16 data set

• W/Z+H (VH) production and V+jets backgrounds

• evidence with the full 2015+16 data set @ ATLAS and 
CMS
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Vector Boson Fusion



Electroweak Production of Z + jet events

• important background e.g. to  Higgs physics

• EW production is about 10 times smaller than QCD production
• to enhance the EW component:

• less hadronic activity in the gap between the high momenta forward 
jets

• large rapidity interval between the two forward jets lead to a large 
dijet invariant mass
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QCD production Electroweak production



ATLAS: EW and QCD Z + jets @ 13 TeV

• split events in EW- and QCD-enriched regions:
• EW-Zjj signal fraction is 2 to 4% (at mjj > 1 TeV) in the QCD-enriched 

region and 5 to 26% (at mjj > 1 TeV) in the EW-enriched region
• QCD-Zjj is largely mis-modelled by MadGraph5_aMC@NLO and Sherpa 

2.2 at high dijet invariant mass
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arXiv:1709.10264

QCD-enriched EW-enriched



ATLAS: EW and QCD Z + jets @ 13 TeV

• QCD-Zjj is corrected using data-derived correction factors in mjj-bins
• fit templates in the EW-enriched region to measure EW-Zjj fiducial cross 

section
• total uncertainty: ~17%
• largest uncertainty: modelling of the QCD-Zjj background (~13%)
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post-fit distributions after subtraction of non-Zjj background
QCD-Zjj correction factors

arXiv:1709.10264

EW-enriched



CMS: EW and QCD Z + jets @ 13 TeV

• multivariate classifier to separate QCD-Zjj and EW-
Zjj processes

• good agreement between data and MC predictions 
(using MadGraph5_aMC@NLO)
• EW-Zjj at LO
• QCD-Zjj at NLO (up to 3 partons) 
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CMS-PAS-SMP-16-018



CMS: EW and QCD Z + jets @ 13 TeV

• distribution of BDT discriminant used to extract the cross section
• simultaneous fit of EW and QCD components
• dominant uncertainties: JES and QCD scale

• studied hadronic activity in the EW-enriched region (BDT > 
0.92, signal contribution ~50%)
• good agreement between data and QCD predictions with 

either Pythia and Herwig++
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CMS-PAS-SMP-16-018

fraction of events with
measured gap activity 

below a given threshold

EW-enriched
50% signal

EW-enriched
50% signal

EW-enriched
50% signal



EW Z + jets Results @ 13 TeV

• ATLAS: 

• CMS (mjj > 120 GeV):

• uncertainty on the modelling of QCD-Zjj process in the VBF 
phase space (largest uncertainty for ATLAS measurement) 
found to be negligible for CMS
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CMS-PAS-SMP-16-018

arXiv:1709.10264



VBF Higgs boson Production

• electroweak Higgs boson production has the same kinematic properties 
as the electroweak Z + jj production

• not enough data statistics to define a control region for the gluon 
fusion (ggF) H + jj production

• can access only theoretical uncertainties on the modelling of the ggF 
H + jj process in the VBF phase space

• use Higgs boson coupling measurements to extract the VBF Higgs 
boson production
• various categories enriched in specific production modes 
• combination of many different final discriminant distributions
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CMS: H->ZZ->4l Channel

• VBF selection: 
• exactly 4 leptons
• 1 jet tagged: exactly one additional jet; a cut on 

the VBF Matrix Element discriminant
• 2 jet tagged: 2 or 3 jets, at most one b-tagged or 

4 or more jets, not b-tagged; a cut on the VBF 
Matrix Element discriminant
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CMS-HIG-16-041

VBF category
2 jetsVBF category

1 jet



CMS: H->γγ Channel

• VBF selection:
• two high pT photons
• two high-pT jets with mjj > 250 GeV
• multivariate classifier which combines the scores 

of the VBF jets kinematics and the photon 
identification classifiers and the ratio 
• score of classifier divided  in 3 bins 
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CMS-HIG-16-040

VBF category 2

VBF category 0



ATLAS: Simplified Template Cross Sections 
Framework
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ATLAS-CONF-2017-043



ATLAS: H->ZZ->4l Channel

• in addition to kinematic 
requirements multivariate 
classifier is used in the pTj-low 
category trained to separate VBF 
signal from ggF background

• pTj-high category has no 
sufficient statistics for the training
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ATLAS-CONF-2017-043

VBF category
pTj-low



ATLAS: H->γγ Channel

• VBF selection:
• two leading high pT jets with a large separation in 

the pseudorapidity > 2
•     
• high and low pT(Hjj) categories (pT < or > 25 GeV)
• multivariate classifier trained to separate VBF signal 

from ggF Higgs and other backgrounds using 
kinematic variables divided in 2 bins
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all VBF
categories

arXiv:1708.03299



Uncertainties

• largest uncertainty is the theoretical uncertainty on the ggF contamination in 
VBF categories
• estimated using Stewart-Tackmann procedure
• CMS H->γγ channel: overall normalisation uncertainty ~ 30%, migration 

between VBF categories ~10%
• CMS H->ZZ channel: overall normalisation uncertainty ~ 20%

• experimental uncertainties:
• CMS H->ZZ channel: jet energy scale ~15% on the ggF yield in the VBF 

category
• ATLAS measurements have similar uncertainties
• VBF measurements are dominated by statistical uncertainties but theory 

uncertainties will play a larger role in the future
• unless experimental measurements constrain the theory like for VBF Z+jets 

process or theory improves
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arXiv:1107.2117
arXiv:1302.5437



Top Quark Couplings to H and Z 
Bosons



Top Quark Yukawa Coupling @ Run 1

• indirect constraints on the top quark Yukawa coupling from 
gluon-gluon fusion and H to γγ decays

• direct measurement from ttH production

19

t,b t,W

k2t = �t/�
SM
t

Parameter ATLAS+CMS ATLAS CMS
kt 0.87± 0.15 0.98+0.21

�0.20 0.77+0.20
�0.18

JHEP08(2016)045

Process ATLAS+CMS ATLAS CMS

µttH 2.3+0.7
�0.6 1.9+0.8

�0.7 2.9+1.0
�0.9

µttH = �ttH/�
SM
ttH

loop process, assuming SM contributions only:

tree level process, cross section is proportional to 

JHEP08(2016)045

k2t



ttH Production

• complex final state, rich spectrum of possible signatures 
from top quark pair and Higgs boson decays
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�SM
ttH = 0.507 pb +5.8%

�9.2% (QCD scale) ±3.6% (PDF,↵s)

1% of the total Higgs boson production cross section



Current ttH Results

21

Process ATLAS CMS

ttH (bb)
tt-> 1-2 lep. ATLAS-CONF-2017-076 CMS-PAS-HIG-16-038

ttH multilepton
tt->1-2 lep./had. τ
H->WW, ZZ, ττ

ATLAS-CONF-2017-077 CMS-PAS-HIG-17-004
CMS-PAS-HIG-17-003

ttH (ZZ->4l)
tt->0-2 lep. ATLAS-CONF-2017-043 CMS-HIG-16-041

ttH (γγ)
tt->0-2 lep. ATLAS-CONF-2017-045 CMS-PAS-HIG-16-040



ttH (bb) Channel

• benefiting from large H->bb branching ratio (~ 58%) and 
leptonic top quark decays

• large irreducible background from tt + heavy flavour (HF) 
production, O(15 pb)

• uncertainty on the tt + HF process is the dominant 
uncertainty for this search

• tt + HF modelling extensively studied in 7, 8 and 13 TeV 
data by ATLAS and CMS
• latest results: ATLAS-PHYS-PUB-2016-020, CMS-TOP-16-010
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tt + HF Modelling

• calculations of inclusive cross section for tt 
and additional jets at NLO in pp collisions 
at 7, 8 and 13 TeV

• dominant uncertainties from the choice of 
the factorisation and renormalisation scales
• presence of two different scales: the top 

quark mass and the jet transverse 
momentum

• measurements of tt + HF cross sections 
from ATLAS and CMS important to cross 
check theory predictions
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recent result @ 13 TeV, CMS-TOP-16-010

arXiv:1403.2046

ATLAS-PHYS-PUB-2016-020



ttH(bb) Results

• signal strength:
• single lepton channel is most 

sensitive
• can exclude 
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• signal strength:
• single lepton channel is most 

sensitive
• can exclude 

0.84+0.64
�0.61

µttH > 2.0 @ 95% CL

�0.19+0.80
�0.81

µttH > 1.5 @ 95% CL

ATLAS-CONF-2017-076 CMS-PAS-HIG-16-038



ttH Multilepton Channel

• target H->WW, ττ, ZZ decay 
modes combined with leptonic tt 
decays

• main background: tt => rely on 
same sign or three leptons 
signatures

• different background 
compositions:
• fake/non-prompt light and 

tau-leptons estimated with 
data-derived methods

• irreducible ttV backgrounds 
(~1.5 pb) and other rare SM 
processes

• sensitivity enhanced with 
multivariate classifiers

25ATLAS-CONF-2017-077



ttH Multilepton Results
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CMS-PAS_HIG-17-004

dilepton BDT, ttH vs ttV dilepton BDT, ttH vs tt trilepton BDT, ttH vs ttV trilepton BDT, ttH vs tt

µttH = �ttH/�SM
ttH = 1.5± 0.29 (stat) ±0.24 (theo) ±0.32 (syst)

CMS observed result:

significance: 3.3�

ATLAS observed result:

ATLAS-CONF-2017-077

significance: 4.1�

µttH = 1.6+0.3
�0.3 (stat) +0.4

�0.3 (syst)

ATLAS:
BDT 

discriminant 
used in 5 SRs

µttH = �ttH/�SM
ttH =



ATLAS: ttH Combination

• combining bb, multilepton, γγ, and ZZ->4 
lep. channels
• included only ttH enhanced categories 

in γγ and ZZ channels
• non-ttH production mechanisms fixed to the 

SM predictions
• correlating almost all signal, background 

and detector uncertainties
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ATLAS-CONF-2017-077



ttV Measurements

• direct measurement of the coupling of the top quark and the Z boson

• background to ttH and searches for new physics
• 7 TeV measurement ~50% uncertainty, 8 TeV measurement ~30% uncertainty
• ttW signal: events with two same-charge leptons
• ttZ signal: events with three or four leptons with a lepton pair of same flavour 

and opposite charge
• events are divided in categories according to the numbers of jets and number 

of b-jets
• simultaneous fit in all categories to constrain background and to extract signal
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ATLAS: ttV Measurements @ 13 TeV

• control regions are used to 
constrain WZ, ZZ 
backgrounds in data

• data-driven methods to 
estimate fake leptons 
background
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arXiv:1609.01599

observed @ 13 TeV:

NLO prediction @ 13 TeV:



CMS: ttV Measurements @ 13 TeV
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CMS-PAS-TOP-17-005

largest uncertainties due to 
trigger, JES/JER, b-tagging, 

lepton ID/eff, ttX bkg
3 - 7% each
total 12-14%

multivariate classifier to separate 
ttW signal from backgrounds 



ttV Measurements Conclusions

• measured ttV cross sections are in agreement with the SM 
predictions within the uncertainties
• systematic and statistical uncertainties are of the same size

• normalisation of the ttV background is determined in the ttH 
fit as a cross check
• fitted 
• fitted
• fitted

• larger uncertainties but compatible with individual 
measurements   
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µttH = 1.6+0.6
�0.5

µttW = 0.92± 0.32

µttZ = 1.17+0.25
�0.22

ATLAS-CONF-2017-077



Higgs boson to bottom quark 
coupling



Hbb Channel
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bb final state
QCD production of b-quarks is 10^7 bigger
new CMS analysis exploiting high pT regime

CMS-HIG-17-010 (1.5 σ) 

jjbb final state
peculiar topology but still full hadronic final 

state dominated by multijet background
additional photon helps (similar sensitivity, 

higher S/B)

llbb, vvbb, lvbb

4j4b, lv2j4b, 2l2v4b

leptonic signature for trigger and 
suppression of multijet background,

dominant bkg is V + jets
main search channel at LHC

87%

7%

5%

1%

leptonic signature for trigger but 
combinatorics, dominant background is

tt + jets



VH Analysis Strategy

• categorise events based on number of leptons and pt(V) regions
• reconstruct Higgs from 2 b-tagged jets

• b-jet regression (CMS) / b-jet pT corrections (ATLAS)  to improve the 
mbb mass resolution

• multivariate techniques to separate VH signal from backgrounds
• simultaneous fit of signal and control regions

• control regions used to constrain V + jets and tt backgrounds using data
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ATLAS: arXiv:1708.03299

CMS: arXiv:1709.07497

main background: W/Z + HF

W + HF
tt + s. top Z + HF



SM Backgrounds
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CMS: arXiv:1709.07497

invert mjj requirement 
to define Z + HF 

control region

similar for ATLAS

one or more additional jets 
to define tt control region

some examples from CMS

invert mjj requirement 
to define W + HF 

control region



VH Results

• main uncertainties @ CMS
• background modelling (9.4%) tt and V+jets
• b-jet calibration uncertainty (7.9%)
• MC statistics (8.1%)
• signal cross section (5.3%)
• modelling of pt(W) in tt and W+jets (4.1%)

• main uncertainties @ ATLAS
• signal modelling (17%) dominated by extrapolation 

uncertainty from high pT(V) to inclusive phase 
space (Pythia 8 vs Herwig 7)

•  background modelling (7% each) from V + jets, tt 
and single top

• MC statistics (13%)
• b-jet calibration uncertainty (9%)
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ATLAS: arXiv:1708.03299

CMS: arXiv:1709.07497



VH Results

• ATLAS has 3.5σ evidence for Higgs 
boson decays to b-jets in the VH 
channel

• signal strength
• CMS has 3.8σ evidence for Higgs boson 

decays to b-jets in the VH channel
• signal strength is 
• compatible with SM @ 30% uncertainty
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ATLAS: arXiv:1708.03299

CMS: arXiv:1709.07497

1.06+0.31
�0.29

µ = 0.90± 0.18(stat) +0.21
�0.19(syst)



Conclusions

• ATLAS and CMS pursue studies on Higgs boson production 
and decay properties
• ttH, VBF and VH production modes require more data to 

improve the uncertainties
• dedicated control regions are usually used to constrain the 

SM backgrounds but also dedicated SM measurements 
give guidance on the cross sections and their uncertainties

• to reduce uncertainties on the Higgs boson measurements it is 
crucial to understand the SM backgrounds

• ATLAS and CMS results compare very well, some differences 
in uncertainties 
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BACKUP



ATLAS: EW and QCD Z + jets @ 13 TeV

• systematic uncertainty contributing to the measurement of the EW-Zjj cross section
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CMS: H->ZZ->4l Channel
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CMS-HIG-16-041

Number of expected and observed events



ATLAS: H->ZZ->4l Channel
ATLAS-CONF-2017-043

impact of dominant systematic uncertainties on the production cross section

event yields in the Higgs mass window
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tt + Heavy Flavour Measurement @ CMS

• select di-lepton events with at least 4 jets
• first and second jet in decreasing order 

of btagging discriminator usually 
correspond to b-jet from top quark 
decay

• distributions of the btagging 
discriminator of the third and the forth 
jets are used to separate tt+HF from 
other processes
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CMS-TOP-16-010



tt + Heavy Flavour Measurement @ ATLAS

• lepton + jets channel for tt + 1 b-jet and di-lepton channel for tt + 1 or 2 
b-jets fiducial cross section measurement

• two methods: 
• cut-based with a tight signal selection and a requirement of 4 b-tagged 

jets
• fit-based with a loose signal selection and a fit to the multivariate 

discriminant used to identify b-tagged jets
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CERN-PH-EP-2015-200
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tt + Heavy Flavour Measurement @ ATLAS
Uncertainties

CERN-PH-EP-2015-200



CMS: ttV Measurements Uncertainties
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CMS-PAS-TOP-17-005



ATLAS: ttH Multilepton Uncertainties
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ATLAS-CONF-2017-077



Some Recent CMS Publications
SM/Top Physics
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Some Recent ATLAS Publications
SM/Top Physics
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