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•  SM Higgs production and decay 
• Higgs era at Run 1 
• Run 2 @LHC 
• Highlights for Higgs physics @ Run 2 

• Hàbb observation 
• HàZZ and γγ
• Hàττ

•  ttH 
• HL-LHC and Higgs prospects 
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SM Higgs production at the LHC 
•  ggF: dominant, larger initial 

state radiation from gluons 

•  VBF: two forward jets with high 
mass and large rapidity gap 

•  VH: vector boson (lv, ll’, qq’) 

•  ttH: many b-jets, leptons, ET
miss 

Total cross-section  = 56 pb at 13 TeV 
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Higgs decay channels 

At mH =125 GeV: 
 
•  H(bb)    = 57.8% 
•  H(WW) = 21.4% 
•  H(gg)    = 8.19% 
•  H(ττ)     = 6.27% 
•  H(ZZ)    = 2.62% 

 
 
•  H(cc)    = 2.89% 
•  H(γγ)     = 0.23% 
•  H(Zγ)    = 0.15 % 
•  H(µµ)    = 0.02% 
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The Higgs boson discovery: July 4 2012 
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Higgs properties @ LHC Run 1 
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•  LHC has produced > 3 years of 13 TeV data 
with fantastic performance  
•  expected to result in >150 fb-1 by the end 

of the 2018 run 
•  Maximum peak luminosity ~2x1034 cm-2s-1 

with mean pileup ~33 in 2017, ~38 in 
2018 

•  DESIGN peak luminosity exceeded by a 
factor of 2! 

LHC Run 2 
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Large impact on b-tagging performance 

CMS/ATLAS in 2017/2018 (after LS1) 

4th	insertable	
pixel	b-layer	(IBL)	
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Highlights for Higgs physics @ Run 2 

•  It is matter of few days (Aug. 28) the 
announcement of the observation of Hàbb 

 
Precise measurements with: 
•  Hàγγ
•  HàZZ 
  
Evidence/observation of: 
•  Hà ττ
•  ttH 
•  … 
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Hàbb 
 

 Motivation: 
•  Hà bb has the largest BR (58%) for mH=125 GeV 
•  Unique final state to measure coupling with down-type 

quarks 
•  Drives the uncertainty of the total Higgs boson width 
•  Primary decay mode for searches at LEP and Tevatron  

à a long history or searches 
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• Needs: 
 
 
• H(bb) compared with discovery channel 

 
• Higgs-strahlung - VH (4%) is the most sensitive channel 

•  leptons, ET
miss to trigger and high pT V to suppress backgrounds   

Hàbb search challenge: 
•  Good b-jets identification performance:  

70% efficiency with < 1% q/g mis-identification probability 
•  Best possible resolution on m(bb) 
•  Capability to exploit all possible information from the event to 

improve S/B 

@CMS so far 
Evidence established last year 
Phys. Lett. B 780 (2018) 501 
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VH, Hàbb results at LHC 
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VH(Hàbb): analysis strategy 

13 LPCC Seminar - Observation of Hbb 

•  Analysis strategy: 
•  3 channels with 0, 1, and 2 leptons and 2 b-tagged jets  

•  To target Z(νν)H(bb), W(lν)H(bb) and Z(ll)H(bb) processes 

•  Signal region designed to increase S/B 
•  Large boost for vector boson 
•  Multivariate analysis exploiting the most discriminating variables (mbb,̄ ΔRbb ̄, b-tagging) 

•  Control regions: to validate background samples and control/constrain 
background normalization and systematics 

normalization from  data, shapes from MC  

Z+bb ̄ 

W+bb ̄ 

tt̅ 

single t 

0-lepton (MET) 
1-lepton [e,µ] 
2-leptons [ee,µµ] 
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VH(Hàbb): event selection (CMS) 
•  Jet/lepton pT selection and b-

tagging discriminator working points 
optimized separately by channel 
•  Boosted Vector Boson 

•  2-lepton: two pT categories  
•  Low: 50 GeV < pT(Z) < 150 GeV 
•  High: pT(Z) > 150 GeV  

•  1-lepton: pT(W) > 150 GeV  
•  0-lepton: pT(Z) > 170 GeV 

•  Control regions designed to map 
closely signal region, with inverted 
selections to enhance purity in 
targeted backgrounds 

•  Separate tt̅, V+light flavor jets, and 
V+heavy flavor jets control regions 
per channel 

used to validate the analysis strategy  

and di-boson, of course 

VZ background 
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Improvement of b-tagging 
CMS: better mis-identification 
rate and data/MC agreement 
with Phase 1 pixel detector and 
DeepCSV algorithm 
•  Efficiency ~70% per fake rate at < 

1% 

ATLAS: 
•  rejection of light/c 

jets 300/8 at 70% 
b-jet efficiency 

•  Good performance 
even at high PU 
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Improvement of di-jet mass resolution 
CMS:  
•  Regression mainly recovers missing 

energy in the jet due to neutrino 
•  Extended set of  input variables now 

including lepton flavour (µ/e), jet mass, 
pT wrt to lepton axis, energy fractions in 
ΔR rings  

•  Significant m(bb) resolution 
improvement à σ/peak down to 11.9% 
in 2017 wrt 13.2% in 2016 

ATLAS 
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Kinematic fit in 2-lepton channel 

ATLAS: 

w/o kin 
fit 

w/ kin 
fit 

Stat. unc. only Stat. unc. only 

CMS:  
•  No intrinsic missing energy 

in the Z(ll)H(bb ̅) process  
•  Improve jet pT measurement 

through kinematic fit 
procedure 

•  Constrain dilepton 
system to Z mass 

•  Balance the ll+bb 
system in the (px,py) 
plane 

•  Improvement of up to 36% 
on m(bb ̅) resolution 
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VH(Hàbb): m(bb) 
•  Fit to the m(bb): lower sensitivity 

but direct visualization of the 
Higgs boson signal.  

•  The fitted m(bb) distributions 
are combined and weighted by 
S/(S + B) 
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VH(Hàbb): significance (ATLAS) 
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VH(Hàbb): Run 1 + Run 2 results (CMS) 
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Combination of Hàbb searches by CMS 
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Combination of Hàbb searches by ATLAS 
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Combination of VH searches by ATLAS 
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Hàγγ
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Hàγγ
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Hàγγ: categorization 
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Hàγγ: cross section 
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HàZZ 
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HàZZà4l 
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HàZZà4l + Hàγγ: mass measurement 
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HàZZà4l + Hàγγ: signal strength 
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Hàτ+τ-
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Hàτ+τ-

•  Higgs boson in ττ decay mode is the most promising channel to 
explore the Higgs Yukawa coupling to fermions (decay rate to ττ is 
less than bb, but this channel has much less background) 

•  Analyzing Run1 data, in 4 production modes led to the first 
evidence of Higgs coupling to fermions 



N. De Filippis Aug. 31 - Sept. 9, 2018 
 

34 

Hàτ+τ-

Combining 2016 data with Run1 à 5.9 σ 

CMS: Event categorization changed in Run2 
•  4 different final states (based on tau decays) 
•  3 main categories (mainly) based on the n. jet 
•  events split depending on tau decay modes/muon 

pT (in 0jet), pT of the Higgs boson(in boosted) and 
mass of the two forward jets(in VBF mode) 

The first observation of the Higgs coupling to tau leptons in a single experiment 
PLB 779 (2018) 283 
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ttH
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ttH
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ttH

▶ First observation of tree-level Higgs–
top coupling 
▶ Consistent with standard model Higgs 
within 1 sigma 

Decay channels analysed: 
Fermions: H→bb H→ττ    
Bosons: H→WW H→ZZ H→γγ 
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2x1034	Hz/cm2				
300	fb-1	
PU	~50	 LS3	

5x1034	Hz/cm2				
3000	fb-1	
PU	~140	

LS1															

8x1033	Hz/cm2				
30	fb-1	
PU	~40	

Phase	1	Upgrade	
Phase	2	Upgrade	

ATLAS,	CMS	
Upgrade	plan	

LHC and HL-LHC 
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Phase II Detector Upgrades:  
Significant upgrades of ATLAS and CMS for HL-LHC conditions 
•  Radiation hardness 
•  Mitigate physics impact of high pileup 
 
Higgs@HL-LHC:  
•  Precision Measurements (Couplings, Cross Sections, Width, 

Differential Distributions,…)  
•  Rare decays and couplings 
•  BSM Higgs searches: extra scalars, BSM Higgs resonances, exotic 

decays, anomalous couplings 
•  VV scattering 
•  Di-Higgs production ➜ self coupling 

Phase II upgrades and Higgs @ HL-LHC 
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Ø  Similar expected sensitivities between the 
two experiments 

Ø  Precision larger than 5-10%

ECFA 16 

Higgs signal strength: µ=σ/σSM – 3000 fb-1 
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Conclusions

Credits:  L. Perrozzi, G. Ortona, N. Morange, H. Li, D. Salerno, Z. Zinonos 

•  Highlights:  

•  CMS/ATLAS reached > 5σ observation of the Hàbb decays 

•  New mass measurement combining H→ZZ→4l and H→𝛄𝛄 in both 
Run1 and Run2 àtowards the measurement of differential 
distributions and crosssections 

•  First observation of tree-level Higgs–top coupling with ttH events 
(Run1 + Run2 data) 

•  The first observation of the Higgs coupling to tau leptons in a single 
experiment using 2016 and Run1 data  

•  Promising physics at the HL-HC also approaching 

Exiting Higgs Physics so far and in the future 



N. De Filippis Aug. 31 - Sept. 9, 2018 
 

42 

Backup
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4l/γγ CMS ATLAS 

Measured mass 125.03 +0.26
-0.27(stat) +0.13

-0.15(syst) GeV 125.36+-0.37(stat)+-0.18(syst) GeV 

Syst. Uncert. Electron e/p-scale ≈ 0.1-0.3% Electron e/p-scale ≈ 0.2-0.4% 

Muon p-scale  ≈ 0.1% Muon p-scale ≈ 0.1-0.2% 
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N
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The LHC/Higgs era at Run 1 
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The LHC/Higgs era at Run 1 
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Hàbb : 
CMS has 3.8σ evidence (3.8σ expected) for 
Higgs boson decays to b-quarks and for its 
production in association with a vector boson à 
HIG-16-044, arXiv:1709.07497 

Hà ττ :
Observation of the SM scalar boson 
decaying to a pair of τ leptons with the CMS 
experiment at the LHC (4.9σ vs 4.7σ 
expected) à HIG-16-043 

ttHàZZ,WW,ττ à	multi-
leptons: evidence observed 
(expected) significance of 
3.3σ (2.5σ), by the 
combination of the 2016 
results with 2015 à 
HIG-17-004 
* Similar results from 
ATLAS 

The LHC/Higgs era at Run 2 
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Hàbb
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First Hàbb searches started at LEP...
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... and continued at Tevatron
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VH(Hàbb): improvement wrt 2016 
CMS 
 
•  Extensive use of deep neural network 

(DNN)  
•  To identify b-jet candidates 
•  To regress the energy of 

reconstructed b-jet 
•  To discriminate among the 

background components in some 
Vector boson + heavy flavor jets 
control regions 

•  To discriminate signal from 
background 

•  Kinematic fit in 2-lepton channel 
•  FSR jet recovery 
•  New Pythia8 Underlying Event Tune 

•  Improved mass resolution (~10%) 
leads to 10% increase of the analysis 
sensitivity 
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Systematic uncertainties 
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Ø  Mass measured to 0.2% 
Ø  Main couplings to ~10% 

HIG-16-041 HIG-16-040 

Ø  Re-discovery of the Higgs 
Ø  measur. Higgs properties 

Ø  cross section (also differential) 
Ø  mass & width 
Ø  couplings: 

Ø  to gauge bosons, to fermions  
Ø  tensor structure and effective couplings in the 

lagrangian 
Ø  ttH couplings 

Ø  Searches for BSM Higgs 

The LHC/Higgs era at Run 2 
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HàZZà4l: cross section 


