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Top quark Yukawa coupling λt = √2 mt/v ≈ 1:  

2 complementary measurements of λt:  

➤ Indirect constraints: ggF, H→𝛾𝛾 decay. 

Contributions enter from top quark loops by λt2. 

Run1 ATLAS+CMS combination measured: 

𝜅t = λt/λtSM = 0.87±0.15 

➤ ttH̄ production, best direct way to measure top quark 
Yukawa coupling: 

Tree-level process, cross-section proportional to λt2. 

Run 1 ATLAS+CMS result on signal strength:  

µttH = 𝜎ttH/𝜎ttHSM = 2.3+0.7−0.6, 
Obs. (exp.) significance of 4.4σ (2.0σ).

Motivations
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ttH Cross-Section and Branching Fractions

➤ ttH̄ cross-section at √s=13 TeV: 0.507 pb (~1/100 to Htotal cross-section). 
➤ Complex final states:  

Good understanding of all reconstructed objects. 
Combination of all these analyses to optimize sensitivity.
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ttH̄, H→bb, 36.1 /fb 
BR~58%, S/B~1-5%

ttH̄, Multi-lepton,  36.1 /fb 
BR~30%, S/B~2-60%

ttH̄, H→γγ,  79.8 /fb 
BR~0.23%, S/B~5-200%

ttH̄, H→ZZ*→4l,  79.8 /fb 
BR~0.01%, S/B~50-500%

Large BR / Low Purity Small BR / High Purity

At √s=13 TeV:



ttH, H→bb
➤ Use 36.1 fb-1 of p-p collision data from ATLAS experiment in 2015-2016.  

➤ Benefit from large H→bb ̄branching ratio (~58%). 
➤ Main background: tt ̄+heavy flavor production. 
➤ Categorization:  

2 separated channels by tt ̄decay: 1-lepton and 2-lepton.                                                
(Fully hadronic channel from Run-1 at 8 TeV still at work) 

Further categorization based on jet multiplicity and b-tag score of jets (4 
working points, εb=85%→60%). 

9 SRs +10 CRs with very different signal purity (best at ~5%) and 
background fractions (tt+̄light, tt+̄≥1c, tt+̄≥1b), with a “boosted” category 
targeting high pT top/Higgs. 

➤ Cascade of MVA classifiers in Signal Regions to enhance signal sensitivity. 

Reconstruction: Identify best jet-parton assignment and reconstruct final 
state. 

Classification: BDT for ttH vs background in each SR. !4
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ttH, H→bb
➤ Simultaneous fit to all SRs and CRs. 

Classification BDT output in SRs. 

Event yields in most CRs. 

➤ Normalization of tt+̄≥1b & tt+̄≥1c free-floating. 

➤ Leading systematics: modeling of tt+̄≥1b 
[PowhegPy8 vs Sherpa 5FS]. 

➤ Good agreement with                                                                 
SM predictions. 

➤ Significance: 

Observed: 1.4σ      

Expected: 1.6σ
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ttH, multi-lepton
➤ Use 36.1 fb-1 of p-p collision data from ATLAS 

experiment in 2015-2016.  
➤ Analysis targeting at ttH̄, H→WW*, ττ, ZZ* 

with ≥ 2 (1 light) leptons in their final states. 
➤ 7 Channels orthogonal in light leptons (ℓ=e, µ) 

and hadronic tau (τhad) multiplicity. 
High lepton multiplicity requirement reduces 
background. 
Jet requirements: Njet ⩾ 2, Nb-tag ⩾ 1: 

2lSS, 2lSS+1𝜏had : Njet ⩾ 4 
2lOS+1𝜏had, 1l+2𝜏had : Njet ⩾ 3 

➤ ML+ 0τ:   primary sensitive to H→WW. 
➤ ML+ ⩾1τ: primary sensitive to H→ττ.
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Analysis organized channels:

Higgs decay modes:

Phys. Rev. D 97 (2018) 072003 



ttH, multi-lepton
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Signal region background compositions: 
➤ Irreducible backgrounds: ttW̄, ttZ̄, VV. 

Estimated from MC. 
Validated in 3ℓ CRs. 

➤ Reducible backgrounds:  
estimated from data-driven. 
Non-prompt light leptons: from b-hadron 
decays (tt)̄ and photon conversions. 
Electron charge mis-identification (q mis-
id): from 2ℓOS tt ̄events. 
Fake τhad: from light flavor jets and mis-
identified electrons.

➤ Backgrounds are reduced with cut-and-count 
and boosted decision trees (BDTs) using lepton 
isolation, track variables, (b-tagged) jet 
multiplicity as well as some other variables on 
MET/τhad. (list of input variables) 

➤ Cut-and-count cross checks for 3 most 
powerful channels (2ℓSS , 3ℓ and 2ℓSS+1τhad) 
compatible.



ttH, multi-lepton
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➤ Best-fit signal strength µttH = 1.6 +0.5−0.4, obs. 
(exp.) significance: 4.1σ (2.8σ). 

➤ Good agreement with SM predictions 

➤ Evidence of ttH̄ production.

➤ Binned maximum-likelihood fit is performed in 
8 SRs + 4 CRs simultaneously (32 bins). 

➤ Systematic uncertainties with largest impact on 
errors on µttH are: ttH̄ cross section uncertainty 
(theory), jet energy scale and resolution and 
non-prompt light lepton estimates (large 
contribution of tt/̄tt𝛾̄ CR statistics for DD 
Fakes estimation).



ttH, H→𝛾𝛾
➤ Use 79.8 fb-1 of p-p collision data from ATLAS experiment 

in 2015-2017.  
➤ Small rate but narrow peak in mγγ over smooth continuum 

background, extrapolated from side-bands in data. 
➤ Standard Hγγ selection: 2 high-ET isolated photons pT/mγγ 

>0.35 (0.25), 105<mγγ<160 GeV. 
➤ Categorization based on tt ̄decay:  

Lep (≥1l, ≥1j, ≥1b) and Had (0l, ≥3j, ≥1b). 
Further into 4 hadronic and 3 leptonic categories separated 
by XGBoost BDT, events with low BDT score are rejected. 
Low level variables are used in the MVA. (Input variables) 

➤ Main background:  
➤ Had regions: continuum bkg. (γγ, etc.) and non-ttH̄ Higgs 

(ggH, etc.). 
➤ Lep regions: continuum bkg. (ttγ̄γ, etc) and resonant bkg. 

(tH, etc.). !9
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ttH, H→𝛾𝛾
➤ Combined unbinned fit to mγγ distributions in the 7 

categories. 
➤ Signal modeling: Parameterize MC with double-sided 

crystal ball functions, normalized to 80 fb-1. 
➤ Background modeling: Analytical functions fitted on 

data. Functional forms and associated uncertainties 
are studied from dedicated background-only samples.
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➤ The expected and observed event yields are in good 
agreement (Event count in mass window containing 
90% of ttH̄ signal). 

➤ Signal significance:  4.1σ observed, 3.7σ expected. 
➤ Still statistically limited! 
➤ Dominant systematics: ttH̄ parton shower model 

(8%), photon energy resolution (6%). 
➤ Good agreement with SM predictions.



ttH, H→ZZ*→4l
➤ Use 79.8 fb-1 of p-p collision data from ATLAS experiment in 2015-2017.  
➤ Very low statistics but large S/B. 

➤ Selected as 4 isolated leptons formed into 2 same-flavor opposite-charge lepton pairs 
with 115<m4l<130 GeV and at least one b-tagged jet. 

Lep region:   ≥1l, ≥2j, ≥1b. 

Had regions: 0l, ≥4j, ≥1b, further separated into 2                                                by 
BDT discriminant. 

➤ Background: ttV and non-ttH̄ Higgs productions                                                  (fixed 
to SM). 

➤ Expected significance 1.2σ (0.6 ttH̄ events). 

➤ Observed significance 0σ (0 ttH̄+Bkg events). 

➤ Largely statistically limited!
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Combination
➤ Combine the four 13 TeV ttH̄ analyses based on 

simultaneous fits to the signal regions and control 
regions of the individual analyses.  

ttH̄, H→bb, ttH̄, Multi-lepton     36.1 fb-1,  

ttH̄, H→𝛾𝛾, ttH̄, H→ZZ*→4l   79.8 fb-1. 

➤ Correlation scheme of all systematics has been studied. 
➤ Non-ttH Higgs production are fixed to SM predictions.
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➤ Observed event yields in all analysis 
categories, ranked by log10(S/B). 

➤ ttH̄ cross sections in pp collisions at 
centre-of-mass energies of 8 TeV 
and 13 TeV are in agreement with 
SM prediction.

Physics Letters B 784 (2018)



Combination
➤ Total cross-section at √s=13 TeV measured with 20% precision. 

➤ The observed (expected) signal significance is 5.8σ (4.9σ) in the Run 2 ttH̄ 
combination. 

➤ The observed (expected) signal significance is 6.3σ (5.1σ) in the Run 1 + Run 2 ttH̄ 
combination. 

➤ Observation of ttH̄ process: major milestone in LHC Run-2 already reached!
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Conclusion
➤ The production of the ttH̄ is observed (expected) with a significance of 6.3σ (5.1σ) 

combining 7, 8 and 13 TeV data. 

➤ The ttH̄ production cross section at 13 TeV is measured to be                                      , 
in agreement with the Standard Model prediction (              ). 

➤ This constitutes a direct observation of the Yukawa coupling between the Higgs boson 
and the top quark.
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2e event with 3 b-tagged & 6 non-b-tagged jets.

Thank you for your attention!
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H->bb
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H->bb
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H->bb
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H->bb
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H->bb
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H->bb
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H->ML
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H->yy


