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Motivation

Questions after Higgs boson discovery
Part of the SM? Coupling to fermions?

Top quark Yukawa coupling y
t 
~1?

Is there new physics?

Answers in ttH(bb) search
Observe ttH production and H → bb

Most direct measurement of y
t
 ( ~ y

t
2 )

Comparison to indirect y
t 
measurements

Focus of analysis
Single lepton or dilepton tt decay

Optimized for H → bb decay
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Higgs Production and Decay 

Higgs boson production at the LHC
Four main production mechanisms

Dominated by gg, ttH suppressed 

Higgs boson decay at 125 GeV
Dominated by bb 

H  b→ b
(58%) H  WW*

→
(22%)

H  gg→H
 

→


H
 c

→
c

H
 Z

Z*
→
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Selection & Classification

Selection: single lepton (dilepton)

= 1 (2) isolated  lepton 

≥ 4 (2) high p
T
 jets (p

T
 > 25 GeV)

≥ 2 (2) b-tagged jets

Classification of events:

jet number & b-tag number

→ different BG compositions

→ dominated by tt+jets (2000 x 
ttH

) 

arXiv:1503.05066

http://arxiv.org/abs/1503.05066
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Analysis Strategy

Analysis regions by S/B
signal regions (S/B > 1% & S/√B > 0.3)

background regions

Matrix Element Method (1 ,ℓ  ≥ 6 jets)

Maximize ttH vs ttbb separation

Artificial neural network
Signal regions: ttH vs BG (NN)

1 , ℓ 5j, 3b: ttHF vs ttLF (NNHF)

Profile Likelihood fit

Input: NN discriminant and H
T

Extract  & constrain systematics
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Neural Network Input

≥ 4 b-tag ≥ 4 b-tag

2nd

Single lepton
10 kinematic variable:

event  shape

object pair properties

2 MEM (≥ 6 jets): 
D1, SignalLikelihood (SSLL)

1st

= 3 b-tag = 3 b-tag

1st 2nd 
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Neural Network Output

Profile Likelihood Fit Input
Signal enriched: NN for ttH vs BG

1 ,ℓ  5j, 3b: NNHF for tt+HF vs tt+LF

BG dominated: H
T
 to constrain systematics

Good agreement of data & predictions

single lep

dilepton

single 
lepton

single 
lepton

dilepton
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Profile Likelihood Fit

Binned profile likelihood fit:
signal strength obsSM

nuisance parameters 

Simultaneously fit all regions

Dominant systematic uncertainties
tt+bb/cc normalization, JES

arXiv:1503.05066

http://arxiv.org/abs/1503.05066


Olaf Nackenhorst 
Higgs Hunting 2015, Paris, 30.07.2015

9

Results

Combined results

Best fit signal strength:


ttH

 = 1.5 ± 1.1

Observed (expected) limit at 95% CL:
3.4 (2.2) x SM for m

H
 = 125 GeV
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Comparison: ttH searches

 → highly competitive

 → most sensitive Higgs 
     decay

 → large contribution to
     ATLAS combination

ATLAS and CMS working on LHC combination

→ Expected exclusion 1x SM cross section

arXiv:1503.05066, 1408.1682, 
1507.04548, 1506.05988, 
1409.3122, 1502.02485
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Summary

Summary
Sophisticated search for ttH(bb)  [accepted by Eur. Phys. J. C: arXiv:1503.05066]

Many analysis regions, Matrix Element Method, Neural Network, Profiled Likelihood

Matrix Element Method improves expected limit by 16%

Good background modeling crucial
Correct tt+LF/cc to 7 TeV data, tt+HF to improved MC simulation

Further improve predictions by profile likelihood fit

Combined ttH(bb) results
Signal strength: 

ttH
 = 1.5 ± 1.1                          

Observed (expected) limit: 
ttH 

< 3.4 (2.2)     

   → single most sensitive search

ttH production not yet discovered at the LHC
ATLAS (2.4 ) and CMS (3.4 ) close to SM sensitivity (combination expected)

   → Observation of ttH likely in Run II of the LHC
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BACKUP
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Systematic Uncertainties

Luminosity (3%)
Physics Objects

Lepton (2%)

Jet:  ID, JVF, JER (4%), JES (10%), 

Tagging (5-20%)

Background Model
tt+jets 

Cross section (6%)

tt+jj/cc p
T
 reweighting (6%)

Parton shower (10-15%)

tt+bb/cc modelling (10-15%)
tt+bb/cc normalisation (50%)

Small backgrounds

Signal Model
Scale, generator, hadronisation, PDF 
(3%)
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Matrix Element Method
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Likelihood Functions

Signal Likelihood
ttH hypothesis

Separation:

Background Likelihood
ttbb hypothesis

= 3 b-tag

= 3 b-tag

≥ 4 b-tag

≥ 4 b-tag

1.6% 3.4%

0.3% 0.7%
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Likelihood Ratios

= 3 b-tag ≥ 4 b-tag

Neyman-Pearson Likelihood Ratio

Optimal normalization
 = 0.23

2.8% 6.6%

2.6%
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Event Reconstruction

Event Reconstruction
jet parton assignment

highest likelihood

ttH or ttbb

Invariant mass m
bb

non-tt jets

Hadronic W mass

Hadronic top mass

ttH
hypothesis

= 3 b-tag

ttbb
hypothesis

≥ 4 b-tag

1.6% 3.2%
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Neural Network Output with MEM

NN Separation (≥ 6 jets)
3 b-tags: + 11%

4 b-tags: + 24%

→ Large improvement

→ Better constrain 
systematics

≥ 4 b-tag

= 3 b-tag

+11%

+24%

= 3 b-tag

≥ 4 b-tag

11.6%

14.4%
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Profile Likelihood Fit: 6j, 3b / 6j, 4b

Pre-fit

Post-fit

6j, 3b: NN 6j, 4b: NN
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MEM Validation Postfit

6j, 3b
Signal Likelihood

Hadronic top mass

6j, 4b
Likelihood ratio D1

Invariant m
bb
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7 TeV Differential Cross Section

Phys. Rev. D 90, 072004 Phys. Rev. D 90, 072004
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CMS Differential Cross Section 
Measurement at 8 TeV

arXiv:1505.0448
0

arXiv:1505.0448
0

arXiv:1505.04480arXiv:1505.04480



Olaf Nackenhorst 
Higgs Hunting 2015, Paris, 30.07.2015

23

tt+jets Modeling

PowHeg+Pythia (NLO+PS)

tt+light, tt+cc, tt+bb

Observed disagreement

tt system p
T

top quark p
T

Sequential p
T
 reweighting

7 TeV differential xsecs

tt+light, tt+cc

Parton level

tt+bb modeling

HF only by parton shower

Split in truth categories

Reweight to Sherpa 
OpenLoops

Phys. Rev. D 90, 072004
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tt+bb Modeling

Key aspect to understand tt+bb

tt+HF only by parton shower

Compare to other generators

Sherpa OpenLoops (4F NLO)

Madgraph+Pythia (5F LO+PS)

Categorize 

Resolved: tt+b, tt+bb

Unresolved: tt+B, tt+BB

Reweight categories to Sherpa OL

Parton level

Kinematic distributions
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tt+bb Modeling uncertainties



Olaf Nackenhorst 
Higgs Hunting 2015, Paris, 30.07.2015

26

Summary of MC simulation
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NN Variables and Ranking
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Systematic Uncertainties: 
Pre-fit / Post-fit (6j, 4b)
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CONF Note Results

Combined results

Observed (expected) limit at 95% CL:

4.1 (2.6) x SM for m
H
 = 125 GeV

Best fit signal strength:


ttH

 = 1.7 ± 1.4
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