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Introduction 

•  Studies of 
SM Higgs boson 
Ø Searches & properties 
Ø Dominated by γγ, ZZ, WW 
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•  Less sensitivity in bb & ττ 
Ø Test fermionic final states 

 



Branching ratios 
•  Branching ratios largest in bb final state 

 
Ø At 125 GeV: BR(H→bb) = (58 ± 2)% 

Ø Test coupling to quarks 

Tristan du Pree (FNRS/CP3), Higgs&Beyond, 5-9 June 2013 3 



Production mechanisms 
•  Search for Hàbb not possible in dominant production mechanism 

•  Gluon fusion production: large multi-jet backgrounds 
Ø Search for Hàbb in associated production 

Ø No loops & suppress backgrounds 
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1.  VBF 
Ø Hàbb  

in association with quarks 
2.  VH 

Ø Hàbb  
in association with W/Z 

3.  ttH 
Ø Hàbb  

in association with tops 

Ø Let’s discuss them by increasing sensitivity 



1   ttH 
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Smallest cross section 
Ø Probe directly ttH coupling 

More details on ttH tomorrow by 
Michele Pinamonti  



Atlas ttH strategy 
•  Require exactly one lepton 

Ø Electron or muon 
•  And at least 4 jets 
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ATLAS CONF-2012-135 

•  Main backgrounds: 
•  Multi-jets 

Ø Reduce with Missing-ET & MT 

•  ttbar 



Categorization 

Simultaneously fit  
all categories 
Ø HT 

Ø Previous slide 

Ø M(bb) 
Ø Most signal-like bins: 

> 6j & 3/4b 
Ø Next slide 
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Ø Event categorization in #jets and #b-tags 
Ø Background description & signal sensitivity 
Ø 4j0b to >6j4b 

#j 

#b 



Kinematic fit 
Kinematic Likelihood Fit 
Ø Exploit kinematics in final states 

Ø  Background: non-resonant bb 

Ø Consider all (b-)jet permutations 
Ø Constraints from W and top mass 

Ø  Parton level 
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Unconstrained M(bb) 
Ø Use M(bb) to extract signal 



ttH result 
Dataset: 4.7 fb-1 (at 7 TeV) 
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•  Limit: 13.1 obs (10.5 exp)  
•  95% CL on σ/σSM for SM Higgs boson of mH = 125 GeV 

•  Main systematics 
Ø tt+HF modelling 
Ø b/c-jet tag efficiencies 
Ø jet energy scale 

ATLAS CONF-2012-135 



ttH in CMS 
•  Semi-leptonic and di-leptonic top events 
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•  Categorize in #jet and #b-tag 
Ø Single-lepton: 4j3b to 6j2b (7 bins) 
Ø Double-lepton: 2j2b and >3j3b (2 bins) 

Ø Use Artificial Neural Network (ANN) 

CMS HIG-12-035 



ANN 

•  Input variables 
Ø Total of 24 input variables  
Ø Category-dependent 
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1.  Basic kinematics 
Ø E.g. pT of jets 

2.  Kinematics of jet pairs 
Ø E.g. M(bb) 

 
3.  B-tag variables 

Ø E.g. discriminant values 
4.  Event shapes 

Ø E.g. sphericity 



ttH result 

Dataset 
5.0 fb-1 (at 7 TeV)   

+ 5.1 fb-1 (at 8 TeV) 
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Ø Limit: 5.8 obs (5.2 exp) 
•  95% CL on σ/σSM for SM Higgs of mH = 125 GeV 

CMS HIG-12-035 
accepted by JHEP 

Limit from ANN output distributions 
Ø 27% better than single-best variable 



2   VBF 
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NEW! (LHCP) 
Ø Large cross section 
Ø QCD backgrounds 



VBF: CMS 
•  Fully hadronic final state 

•  QCD final state  
Ø 4 jets 

•  VBF selection 
Ø Dedicated trigger 

Ø CMS L1 at 8 TeV: 3 jets, pT >24, >44, >64 GeV 
Ø Only one of the two leading jets allowed to be forward 
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•  Quark/gluon-jet tagger 
Ø Identify quarks up to |η|<4.7 

•  Reconstruct VBF jet pair “qq” 
1.  Pair of least b-tagged jets 
2.  Largest pseudorapidity separation 

CMS HIG-13-011 



Discriminating variables 

No kinematic information of b-tagged jets 
Ø Minimal correlation with M(bb) 

Tristan du Pree (FNRS/CP3), Higgs&Beyond, 5-9 June 2013 15 

•  Discriminate VBF against QCD 
1.  Kinematics of qq pair 

Ø E.g. Δηqq, mqq 
2.  B-tag discriminant values 
3.  Quark/gluon discriminator 
4.  Additional hadronic activity 

Ø HT
soft: scalar sum of additional tracks 

Ø Track pT > 1 GeV 
Ø Removing tracks from signal jets 
Ø Excluding region between b-tagged jets 



Categorization 
•  Categorization according to 

neural net output 
Ø Minimal correlation with M(bb) 
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•  Use M(bb) to extract signal 
Ø Regression to improve resolution 

Ø See backup & VH 

Ø 4 categories 



•  Hàbb in VBF: Parameteric fit on top of falling spectrum 
Ø 4 event categories 
Ø Describe mbb spectrum of QCD background with 5th degree polynomial 
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Control method 
•  Fit of Zàbb peak to m(bb) distribution 

Ø Looser event preselection 
Ø Same fitting procedure 

Ø Without systematics: 8.0σ obs (6.8σ exp) 

 

Ø After VBF Hbb pre-selection: 2.5σ  
Ø In agreement with expectations 
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VBF result 

•  Limit at 125 GeV   
Ø Observed: 3.6 x SM 
Ø Expected 3.0 x SM 

•  Significance 
Ø Observed: 0.5 σ 
Ø Expected: 0.7 σ 

•  Best fit 
Ø µ = 0.7±1.4 
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•  VBF recently added to Hàbb results 
Ø Complementing the VH and ttH searches 

CMS HIG-13-011 



3   VH 
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Best sensitivity for Hàbb 
Ø Intermediate cross section 
Ø W/Z for signal identification 



VH: Atlas 
•  5 channels: 

•  Z(νν), W(eν), W(µν), Z(ee), Z(µµ) 

 

 

 
Ø In case of 3 jets: two leading-pT b-tagged 
Ø Extra topological requirements vary as function of vector boson boost 
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ATLAS CONF-2012-161 



Strategy 

B-tagging 
•  Neural Network using information from  

Ø Secondary vertex 
Ø Tracks impact parameter 

•  Performance 
Ø 70% b-tag efficiency 
Ø 1% light-jet misidentification 
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Ø Binning as function of pT(V): increase sensitivity 
 
 
 
 
 

channel bins (GeV) 

0 lepton (2/3j)   120-160 160-200 >200 

1 lepton 0-50 50-100 100-150 150-200 >200 

2 leptons 0-50 100-150 100-150 150-200 >200 

16 categories 



Backgrounds 
•  Data-derived multi-jet background 
•  Regions to control/normalize backgrounds 

•  Top: reverse top rejection criteria 
Ø 1-lepton: add 1/2 extra jets 
Ø 2-lepton: reverse cuts on m(ll) & missing ET 

•  W+jets & Z+jets: 0/1 b-tags 
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Ø Final discriminant: invariant mass of pair of b-tagged jets 
Ø Simultaneously fit all 16 categories + control regions 



VH cross-check: VV 

•  Cross check analysis:  
VZ diboson 

Ø VH as background, VZ as signal 
Ø Data-MC subtracted 
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Ø σ/σSM = 1.09 ± 0.20 (stat) ± 0.22 (syst) 
Ø Significance of 4.0 σ 



VH result 

•  Main systematics 
Ø b/c-tag efficiencies 
Ø jet energy scale/resolution 
Ø MC statistics 

•  Constrained by fit  
to M(bb) 
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Ø Limit on σ/σSM: 1.8 obs (1.9 exp)  
•  95% CL for SM Higgs with mH = 125 GeV 

ATLAS CONF-2012-161 



CMS VH strategy 
•  Di-jet selection in boosted regime 

Ø Binning in pT(V) 
Ø 6 modes: 2xZ(ll), Z(νν), 2xW(lν), W(τν) 

Ø W(τν): 8 TeV dataset 
Ø 1-prong hadronic 
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•  Boosted Decision Trees 
•  Signal & background: 

discriminate using BDT output 
Ø Input variables quite similar to ttH (see backup) 
Ø Dominant backgrounds (tt & V+jets) 

normalization from data 
•  Improve mass resolution  

using BDT regression 
Ø Improvement validated on data 

NEW! (LHCP) 
CMS HIG-13-012 



BDT Categories  
•  14 BDT categories 

Ø Wlν (6), Zνν (3), Zll (4), Wτν (1) 

• Summarize BDT 
Ø Sort bins in S/B 
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•  Enriched subsets 
Ø tt, V+jets, VV, VH 



VH cross-check: VZ 

•  Method validated on VZ(bb), using same technique 
Ø Significance: 7.5σ obs (6.3σ exp) 
Ø Signal strength: µ=1.19+0.27

-0.23 
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Figures from di-jet 
cross-check analysis 



VH result 

For mH=125 GeV 
•  Observed: 1.89xSM 
•  Expected: 0.95xSM 
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Ø Observation agrees with expectation 
for SM Higgs boson of 125 GeV  

CMS HIG-13-012 



Signal significance 
•  VH(bb) at 125 GeV 

•  Significance: 2.1σ obs. (2.1σ exp.) 
•  Best fit: µ=1.0±0.5 
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Significance 
•  VH(bb) at 125 GeV 

•  Significance: 2.1σ obs (2.1σ exp.) 
•  Best fit: µ=1.0±0.5 
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Couplings 

Ø Contribution of Hàbb  
to coupling measurement 
Ø See presentation on properties  

by Alessio Bonato 
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•  CMS: evidence for decay in fermion final states 
Ø Combining Hàττ and VH(bb) 
Ø 3.4 sigma (exp.&obs.) 

CMS HIG-13-005 



Couplings 
Ø Mass vs coupling  

agrees with prediction 
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CMS HIG-13-005 



Summary 
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Prod. Atlas limit 
obs. (exp.) 

CMS limit 
obs. (exp.) 

ggF - - 

ttH 13.1 (10.5)  [5 /fb] 5.8 (5.2)     [5+5 /fb] 

VBF - 3.6 (3.0)       [19 /fb] 

VH 1.8 (1.9)   [5+13 /fb] 1.9 (1.0)    [5+19 /fb] 

Search for Hàbb 
Ø Results of Atlas & CMS 
Ø Test of fermion final state 
Ø Coupling to quarks 

Challenging 
Ø ggF: multi-jet backgrounds 
Ø Study associated productions 

Ø No loops: ttH, VH, VBF 

CMS: Hàbb in VH with significance of 2.1σ (2.1σ exp.) 



•  ttH 
•  ATLAS CONF-2012-135 
•  CMS HIG-12-035 

•  VBF 
•  CMS HIG-13-011 

•  VH 
•  ATLAS CONF-2012-161 
•  CMS HIG-13-012 

Ø  Large variety of Hàbb studies by Atlas and CMS 
Ø  Hàbb agrees with predictions of SM Higgs boson  



Thank you for your attention 
 

•  ttH 
•  ATLAS CONF-2012-135 
•  CMS HIG-12-035 

•  VBF 
•  CMS HIG-13-011 

•  VH 
•  ATLAS CONF-2012-161 
•  CMS HIG-13-012 

 
…and see you at Shozankan! 
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BACKUP 



Hàbb References 
• VH 

•  ATLAS CONF-2012-161 
•  CMS HIG-13-012 

• VBF 
•  CMS HIG-13-011 

•  ttH 
•  ATLAS CONF-2012-135 
•  CMS HIG-12-035 

• Fermionic channels at LHCP: 
•  Atlas (D.Jamin): https://indico.cern.ch/getFile.py/access?contribId=295&sessionId=11&resId=0&materialId=slides&confId=210555 

•  CMS (N.Mohr): https://indico.cern.ch/materialDisplay.py?contribId=296&sessionId=11&materialId=slides&confId=210555 
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CMS 
ttH 
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CMS 
ttH 
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CMS VBF (Yields) 
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CMS VBF 
Systematics 
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CMS VH  
Selection 
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CMS VH 
BDT variables 
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CMS VH 
Control Regions 

Tristan du Pree (FNRS/CP3), Higgs&Beyond, 5-9 June 2013 45 



CMS VH 
Systematics 
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VH: NLO EW 
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Mbb 
• Regressed Mbb in VBF 
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VBF 
• Quark/gluon discriminator input variables 
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Atlas VH 
• Table of cuts 
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Atlas VH 
• SFs 
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Atlas VH 
• Syst 
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Atlas VH 
• Syst 
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Atlas VH 
• Yields 
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Atlas ttH 
• Yields 
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Atlas ttH 
• Norm.unc. 
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Atlas ttH 
• Discriminating variables 
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CMS VH 
• VV BDT 
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