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Top Yukawa Coupling at LHC
In the SM is the only quark with a 
“natural mass” 

Motivation 
Impact on theory: 

destabilizes the weak scale (mH2 
corrections) 

destabilizes our vacuum (λ 
corrections) 

controls the birth (gg➝h) and the 
death (h➝γγ) of the Higgs
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Can be determined: 

Indirect Higgs gluon fusion production & 
Higgs diphoton decay 

Direct measurement possible through ttH 
production

Signature depends on:
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ttH in ATLAS
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Small BR 
Purity and precision

Large BR 
Large background Search channel benefits/

challenges 

H->bb
Large rate/

large 
combinatorics

Multilep 
(H->WW,ZZ,TT)

Lower rate/
challenge fakes

H->gamgam, 
ZZ(4l)

Very clean/
small rate
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Overview of the input channels & combination

�4



M.Nazlim Agaras

H->bb Analysis Strategy 
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Largest Higgs BR, but: 

Complex final state with large jet and b-jet multiplicity → 
challenging object (b- tagging) and event reconstruction  

ttbb background large and difficult to model with 
associated theory uncertainty

Details in NIHAL’s talk
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H->bb Analysis Strategy 
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Largest Higgs BR, but: 

Complex final state with large jet and b-jet multiplicity → 
challenging object (b- tagging) and event reconstruction  

ttbb background large and difficult to model with 
associated theory uncertainty

Categorisation 
Split into jet and b-jet 
multiplicity/quality, merge regions 
with similar background content 
(1𝓁 & 2𝓁 , # of jets, b-tag 
score)

Reconstruction 
To reconstruct Higgs and top 
candidates from high 
combinatorics of (b-)jets 
(RecoBDT, LHD, MEM)

ClassificationBDT 
Fit performed on classification 
BDT output 

inputs: reconstruction MVA, 
kinematics, b-tagging info 

Details in NIHAL’s talk
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H->bb Results
Signal extraction: Combined binned profile 
likelihood fit of classification BDT output in 
SRs(9) and CRs(10) 

Signal strength: μ=σ/σSM  
Free-floating normalisation factors for tt+HF: 

tt+≥1b: 1.24±0.10 
tt+≥1c: 1.63±0.23 

systematic uncertainty on tt+≥1b simulation 
(Esp.SherpavsPP8) and limited MC stat.
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tt̄H



M.Nazlim Agaras

H->ɣɣ Analysis Strategy 
Events are selected requiring two isolated 
photons (pt>25GeV,35GeV), and split into 
two regions, hadronic and leptonic, based 
on the decay of the top quark. 

2 signal regions targeting ttH production:  

Leptonic: ≥1l, bjet (semi-leptonic top-
quark decay) (3) 

Hadronic: ≥3jets, ≥1bjet 0 isolated 
leptons (hadronic top decay) (4) 

2 BDTs trained to discriminate the ttH 
signal from the main background (XGBoost)  

ɣɣ, tt+ɣɣ (data in control regions) 
non-ttH production (from simulation) 

Input vars: 4-vector information of 
photons (pT/myy), jets, ETmiss (both cat), 
lepton(s) (lep cat), and b-tag (had cat);  

Cut on BDT output to veto backgrounds
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H -> ɣɣ Results 
Background estimation and signal extraction 
performed by simultaneous ML unbinned fit of 
mɣɣ (105-160 GeV) in all 7 categories  

The shape of the signal and background mγγ 

distributions is described with analitical 
functions  
Signal (DSCB): A Gaussian core (model signal 
peak) and power-law curves (model outer 
tails of signal) 

Background (one par. func.) background 
from simulation (Lep) and a dedicated data 
control region (Had);  

�8



M.Nazlim Agaras

H -> ɣɣ Update 
Update on 2019 Moriond at 139 fb-1  

The analysis utilizes the same event selection and categorization 

The photon identification and efficiency measurements, as well as energy 
calibration, have been updated
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The ttH process is observed in the diphoton decay mode 
with a significance of 4.9 σ

ATLAS-CONF-2019-004 

https://cds.cern.ch/record/2668103/files/ATLAS-CONF-2019-004.pdf
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ZZ -> 4l
Extremely low rate, Clean final state w/ high S/B 

3 Analysis regions 

115 GeV < m4l < 130 GeV
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Multilepton Analysis Strategy

�11

Targets Higgs decays to WW, ZZ and 𝜏𝜏 with ≥ 2 
(1light) lepton in their final state 
Analysis channels are defined wrt light leptons (l) 
and hadronic taus (τhad) multiplicity (7 orthogonal 
channels) 
MVA in lepton definitions to reject fakes/non-prompt 
lepton 
Event classified in the different regions using MVA 

Light-lepton channels more 
sensitive to H → WW decays 

τhad 
channels 
more 
sensitive to 
H → ττ  

(*)

(*)for m(4l) != 
Higgs mass window
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Multilepton Background Composition 

Non-prompt lepton in mainly tt ̄ 

semileptonic b-decay 

γ conversions 

Fake τ from light/b-jets 

Misidentified charge lepton 

trident electrons 
(Bremsstrahlung) and track 
curvature  

using 3D likelihood method [pT, 
η, Tight/Loose]

�12

Irreducible backgrounds with 
prompt-leptons (ttZ̄, ttW̄, VV) 
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Multilepton Analysis Strategy 
Challange: which type of method we should use for reducible background and which type of fakes will 
be most dominant 

Object definition 

Lepton MVA-based isolation (PromptLeptonIso) to reject non-prompt l from semileptonic b-
decay (track jets properties, lepton track/calorimeter isolation variables) 

Lepton MVA to reduce charge misidentification background (QMisID) 
Analysis strategy 

Event MVA discriminant used in the final fit for the most sensitive channels 

Need a data-driven method that provides a correct modelling of the shape of the fakes 
contribution 

With more data 
Smaller statistical unc. 

Flaws of assumptions / simplifications in the DD methods become a problem 
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0-tau Channels
Signal extraction: fit or cut on BDTs (boosted decision tree) 
Input variables: system reconstruction, pseudo-continuous b-tagging, kinematics… (Backup) 
2lSS0τ: combination of two BDTs (ttH vs. ttbar; ttH vs. ttV) 
3l0τ: 5-dimensional multinominal BDTs mapped to 5 categories (ttH, ttW, ttZ, ttbar, VV) 
4l (Z-enriched): ttH vs. ttZ
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Most statistically sensitive to 
ttH: 2lSS+0τ and 3l+0τ 
Purest but lowest statistics: 4l
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Multilepton Results
Systematic uncertainties already important for some multilepton channels 

JES 

Largest experimental uncertainty 

Flavour composition: can be improved by taking into account predicted flavor composition 

Non-prompt light lepton estimates uncertainties ranked as 3rd group of systematics with the 
largest impact on the signal strength measurement 
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Observed significance over background-
only hypothesis: 4.1σ (exp. 2.8σ)
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Multilepton at 79.9 fb-1

Soon to be public 

Many improvements/changes 

Light lepton fake estimates 

SR/CR & lepton definitions 

Further improvements 

Matrix Element Method (MEM) 

Assign probability density value based on theory
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Combination
Combination of ttH searches in 
H→ γγ and H→ 4l (79.8 fb-1) 
with H→ bb and H→ multi 
lepton (36.1 fb-1) 

Profile likelihood method, based 
on simultaneous fits to the 
signal regions and control 
regions of the individual analyses 

The overlap between the 
selected events in the different 
analyses is found to be 
negligible
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Run 2 data alone: 
Observation of ttH!
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Combination 
ttH(γγ) and ttH(4l) statistically limited;  

ttH(bb) and ttH(ML) limited by 
systematic uncertainties, mostly 
theoretical uncertainties 

Difference between two releases are 
studied  

Correlation scheme studied in detail 

Theory uncertainties (QCD scale, 
BR uncertainties, PDF uncertainty) 
correlated 

Experimental uncertainties largely 
uncorrelated (Due to changes in 
object reconstruction and 
systematic calc. in releases) 

Other Higgs production modes 
fixed to SM
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Combination 
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Conclusion
Search for ttH production performed in ATLAS with 36.1 - 79.8 fb-1 of data 
at 13 TeV 

Challenging analyses: 

very low cross section and high combinatorics of final state particles  

heavy use of MVA techniques to efficiently discriminate signal from large 
backgrounds 

large systematics uncertainties on modelling of signal and irreducible 
backgrounds ttbb and ttV  

First ATLAS observation of ttH production at 6.3σ (expected 5.1σ) →direct 
observation of Higgs to top Yukawa coupling 

ttH(bb) already systematics-limited. Requires some breakthrough to make 
significant progress from here. 

ttH multilepton currently most sensitive analysis and mostly stat-limited 

With the additional data, ttH(yy) become the single most sensitive channel.
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Backup
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Backup
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Backup
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Backup
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Statistical Model
A maximum-likelihood fit is performed on all bins in the 25 categories  
simultaneously to extract the ttH signal strength (free parameter) (μ)  

The statistical analysis of the data uses a binned likelihood function 
L(μ, θ︎), which is constructed from a product of Poisson PDFs (the 
number of observed events in a given bin (n))
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Systematics and Profile Likelihood
Nuisance parameters (NPs, 𝛉), which encode all the 
uncertainties on quantities that can affect the 
model for signal and background (knowledge ) 

NP probability density functions (Gaussian) are 
constrained by the auxiliary measurements of the 
parameters (unlike μ) 

N-dimensional likelihood maximisation
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~200 NPs in 
the analysis

Therefore total number of expected events in a given bin depends on μ and θ
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Testing Model 
What values to use when defining the hypotheses ? → H(μ=0, θ=?) Answer: let the 
data choose the best-fit values 

Significance is given by the profile-likelihood ratio: 

Construct Test statistics (how well the observed data agrees with the background-
only hypothesis) 

In particle physics, the rejection of the background-only hypothesis to claim for a 
discovery is achieved for a significance of Z ≥ 5, corresponding to p ≤ 2.87 × 10-7 
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increasing level 
of incompatibility


