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Introduction
• Search for non-resonant HH production in 

2l+2b+MET final state: 

• Processes considered bbWW, bb  and bbZZ 

• Experimental signature: 2b (close to , 2l (OS), 
MET from neutrinos) 

• Constrain HH production through ggF and VBF 
processes 

• Constrain  and  (coupling modifiers to Higgs 
boson self-coupling and two vector bosons, 
respectively) 

• Shape of the Higgs boson potential and SM 
validity 

• Additional validity test for the SM

ττ

mH

κλ κ2V

*includes bb2l2q2



Simulated samples

• Non SM HH signal samples ( , ): 

• ggF: simulated samples at different values of  and combined using morphing techniques 

• VBF:   linear combination of six samples with different values for the  and   parameters

κλ ≠ 1 κ2V ≠ 1

κλ

κλ κ2V

SM HH signals

SM background 
processes

3



Event selection
• Pre-selection:  

• Single and di-lepton triggers 

• Exactly two light leptons OS charge with 
pT > 9 GeV 

• Exactly two b-tagged jets with pT > 20 
GeV and satisfying DL1r (77% WP)

(SF) (DF)

๏ ggF Signal Region:  

• Veto VBF selection in SR 
๏  VBF Signal Region:  

• At least 2 additional jets with pT > 30 GeV with 

•  

•  GeV

max(Δηjj) > 4

max(mjj) > 600
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Multivariate Analysis (ggF region)

• DNN (ggF category): 

• Classifier based on Keras+TensorFlow  

• Optmize separation between ggF HH 
signal and  tt, tW and other 
backgrounds 

• Finally, model is trained with 50%/50% 
split, 0.3 dropout rate to avoid 
overfitting 

• 95%CL upper limits on  is used as 
metric  

• Signal output node score is binned -> 
background uncertainties < 30%

μHH

List of Input Features

Event classification (optmise signal and background separation)

• Final SRs: 7 bins with highest DNN output score (max 
 background events in a bin) 

• DNN output score as final discriminant 

O(102)
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Multivariate Analysis (VBF region)
Event classification (optmise signal and background separation)

• BDT (VBF category): 

• Classifier trained based on Adaptive 
Boosting (AdaBoost) + TMVA framework  

• Two-fold cross-validation with 50%/50% 
train/test split 

• Trained on VBF HH signal, with ggF HH 
events classified as background to maximize 
VBF sensitivity 

• VBF sample  used for training: best 
performance in SM and BSM scenarios

κλ = 0

List of Input Features

• Final SRs: 5 bins with highest BDT output score (max 
 background events in a bin) 

• BDT output score as final discriminant 

O(103)

6



Background estimation

• Top quark pair production ( ), single top-
quark in association with W boson (Wt) and 

 production in association with heavy-
flavour (b,c) jets 

•  CR:  GeV and  GeV 

•  CR:  GeV and  GeV 

• Z+HF CR: 

• Consider only SF events 

•  

•  or  

• Normalization is constrained from data 
and shape is taken from MC simulation

tt̄

Z/γ*

tt̄ mll > 110 mbl ≤ 250

Wt mll > 110 mbl > 250

75 GeV < mll < 110 GeV

mbb < 40 GeV mbb > 210 GeV

• Photons or jets mis-ID as leptons as well as 
lepton from hadronic decays of HF quarks  

•  (transfer factors, TF) 

•  

• TF ranges from 1.2 to 1.9 (binned in pT of 
sub-leading lepton) 

• Estimated by data-driven approach

fSS→OS =
Nfake

MC,OS

Nfake
MC,SS

Nfake
OS = fSS→OS × (Ndata,SS − Nprompt

MC,SS )

• Normalization and shape 
estimated from MC Simulation

Leading backgrounds Fake-lepton background 

Minor backgrounds 
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Signal and Control Region yields

Z+jets split into 
heavy (HF) and light 

(LF) flavours 

Fakes (fake-lepton from data 
driven estimation)

No events from given 
MC sample process in 
the respective region

• Pre-fit yields (Uncertainty from MC 
statistics and template statistics only) 
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Systematic uncertainties
• Different sources of systematic uncertanties accounted for: 
• Experimental sources:  

• Jets: JES/JER and b-tagging 
• Leptons:  Momentum and ID efficiencies 
• Luminosity (0.83%), PU, trigger efficiency 

• Background modelling:  
• Top-quark processes: scale variations, ISF/FSR, PDF and interference uncertainties 
• Z+jets: evaluated by variating merging/resummation scales and PDFs 

• Signal modelling:  
• Scale and PDF uncertainties, as well as PS (Herwig7 vs Pythia 8) 

• Production cross-section  uncertainties:  (PDF+ ), (ggF scale) 

• Dominant systematics : 
• In the ggF and VBF SRs: background modelling, experimental, signal normalization  

• Most sensitive bins: ggF-SR 1 to ggF-SR3 and VBF-SR 1 and VBF-SR 2 
• In the CRs: background modelling and normalization

±3 % αS +6 % / − 23 %

Statistical uncertainty also 
becomes dominant source 
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Statistical results
• Model to fit to data: 

• A likelihood function is built as a product 
of Poisson distributions

•  and : signal and background contributions in i-th of 
fitted variable 

•  (signal strength) (POI) and  (background NF) 

•  (nuisance parameters)

si bi

μ μb

θ

• Test statics for setting upper limit:
• Overview of the signal and control regions used in the analysis after the 

signal+background fit to data 
‣The fit is a conditional fit with the signal strength fixed to the observed 

upper limit of  
• Numbering High (VBF-SR 1 and ggF-SR 1) to Low score (VBF-SR 5 and ggF-

SR 7) for the bins used in the final fit 

μHH = 9.7
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Upper limit on μHH

• Upper limits on  
with consideration of 
both the ggF and VBF 
signals are set: 

•  = 9.7  @ 95%CL

μHH

μHH

ggF signal

VBF signal

ggF+VBF signal
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Constraints on  and κλ κ2V
• Likelihood scans on  and   

• Both ggF and VBF SRs are included 

• Other -modifiers are fixed to the SM predictions

κλ κ2V

κ

 κλ in [−6.2,13.3] @95 % CL (obs)

κλ in [−8.1,15.5] @95 % CL (exp)
 κ2V in [−0.17,2.4] @95 % CL (obs)

κ2V in [−0.51,2.7] @95 % CL (exp)
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Summary
• Search for non-resonant HH production in  final state using Full Run2 

dataset: 

• HH pair production via ggF and VBF production modes 

• Contributions from bbWW, bb  and bbZZ channels 

• No deviation wrt SM background processes is observed  

• Upper limit on  = 9.7 (observed), 16.2 (expected) 

• Significant improvement with respect to previous iteration of this analysis (optimized for 
bbWW only) 

• Constraints on  and : 

•  

•

2b + 2l + Emiss
T

ττ

μHH

κλ κ2V

κλ in [−6.2,13.3] @95 % CL (obs)

κ2V in [−0.17,2.4] @95 % CL (obs)
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Back-up slides

14



Overlap removal
• It follows the following steps: 

•  if any electrons share a track, only electron with highest pT is kept; 

• If a hadronically decaying τ-lepton candidate is within ∆R_y = 0.2 of any electron or muon, it is 
removed; 

• If an electron and a muon share a track, the muon is kept only if it is associated with a 
signature in the MS;  

• Any jet within ∆R_y  = 0.2 of an electron and subsequent any electron within ∆R_y = 0.4 of any 
jet is removed. Any jet within ∆R_y = 0.2 of a muon, or having an inner detector track ghost-
matched to a muon within ∆R_y = 0.2 of the jet, is removed if it has fewer then three 
associated tracks; 

• Any muon within ∆R_y = 0.4 of a jet is removed as well as any jet within ∆Ry = 0.2 of a 
hadronically decaying τ-lepton candidate. 

•
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Pre-fit yields
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Run2 Analysis optimized to bbWW

Breakdown of the main different sources of uncertainties

Observed and expected upper limits on HH pair production

Run2 analysis
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