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❏ Introduction

❏ Event selection and categorisation

❏ Baseline analysis: deep neural network (DNN) and MWh fit 

❏ Parameterized neural network (PNN) and fit on NN output score

❏ Comparison of exclusion limits on signal cross section obtained using PNN and DNN 
(statistics-only)

❏ Final PNN limit using Systematics

 

        

} Following previous ATLAS 
analysis: arXiv:2411.03969
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Overview
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https://arxiv.org/abs/2411.03969


❖ Well tested model explaining the 
fundamental interactions of matter.

❖ Incorporates special relativity and 
quantum mechanics.

❖ Valid over a huge energy range (eV to TeV).
❖ Last missing particle discovered in 2012

(Higgs)

Limitations:

❖ Matter-Antimatter asymmetry
❖ Dark Matter
❖ Mass-Hierarchy problem
❖ Gravity
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The Standard Model

Wikimedia, Standard Model, (2016), url: https://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg

Herbstschule HEP, 2026 Satyajit Chakraborty



4

    Higgs and extended scalers

One scaler SU(2)L doublet 𝛟

Incorporates 
CP-violation

Addresses 
Hierarchy

Connects to BSM

A simple and well 
motivated 
extension of the SM

Standard Model

𝜇<0, <𝛟>≠0
-> Spontaneous

 Symmetry              
breaking 

Why extend the
scalar sector?

Addition of a scalar doublet: 𝛟1  and 𝛟2 

Two doublet Higgs Model

}

CP-conserving one in this analysis
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2HDM and charged Higgs
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❖ 2HDM leading to 5 physical states after EWSB: 

➢ h(light),

➢ H(heavy), 

➢ A (CP-Odd)  

➢ H± (charged Higgs Bosons).

} (CP-Even)

This search



           LHC and the ATLAS experiment

❖ The LHC is a circular particle collider with 27 km 
circumference.

❖ Proton-Proton and heavy ion collisions.

❖ The ATLAS experiment studies a wide range of 
physics phenomenons.

❖ Layered detector with inner trackers, calorimeters 
and muon spectrometer.
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The ATLAS Collaboration et al 2008 JINST 3 S08003Cern Control Centre, url: https://home.cern/tags/control-centre
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ℓνbb channel qqbb channel

Signal mass hypothesis studied : [1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0] TeV
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Large-R jet 
   (R=1.0)

Large-R jet 
   (R=1.0)

ℒint= 140.1 fb-1,  Run-2 , √s = 13 TeV

           Signal Topology

Leading backgrounds: tt̅ + LF jets, tt̅ + HF jets,  W/Z + jets
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Event Selection:

❖ Trigger: pass at least one of the single  e/μ triggers.

❖ Missing transverse momentum: ET
miss > 30 GeV

❖ Leptons: Exactly one e or μ with  pT > 27 GeV

❖ Large-R jets ≥ 1

❖ Exactly one Large-R jet passing the 60% working point of the 
Higgs-Tagger*. 

❖ Overlap removal: Small-R jets considered to be b-tagged if they 
satisfy ΔR>1.4 from the Large-R jet

Categorization:
   

Channel Large-R   
jets

W boson 
candidate

Higgs 
candidate

qqbb ≥ 2 Fails X     bb̅  tagging
50 GeV ≤ MJ ≤ 110 GeV

X     bb̅

ℓνbb ≥ 1   Wlep X     bb̅
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* MJ: Jet Mass

   *ATL-PHYS-PUB-2020-019

B-tagging working point: 77%

l +  /    q̅

𝝂l  /    q

l – /  q̅

𝛎l  /  q

           Event selection and categorization

Herbstschule HEP, 2026 8

https://cds.cern.ch/record/2724739?ln=en
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❖ DNN for binary classification using
3 dense layers.

❖ Separate networks for qqbb and ℓνbb.

❖ All signal mass points and background trained 
together.

❖ Use of variables for example,      
pT, h/mwh and  pT, W/mwh , to remove H± mass 
dependence.

❖ 2-fold cross-validation using
odd-even split.

   

qqbb channel

ℓνbb channel

ATLAS Simulation, work in progress

ATLAS Simulation, work in progress

ATLAS Simulation, work in progress

ATLAS Simulation, work in progress
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           DNN for event classification

Herbstschule HEP, 2026 Shao et al., IJMMM 31 (2024) 106–117 9

http://ijmmm.ustb.edu.cn/en/article/id/b8c6194a-5091-48aa-9986-19977a7ca7f8


Satyajit Chakraborty

❖ Signal region: 95 GeV ≤ mh ≤ 140 GeV

❖ Control region:

➢ Lower sideband:  mh< 95 GeV

   

➢ Higher sideband: mh> 140 GeV

CR        SR               CR CR        SR                CR
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Signal and Control Regions
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❖ Further division based on the number of small radius b-tagged jets outside Large-R jets.

❖ Additional division into two regions: 0 b-tagged, ≥1 b-tagged.

❖ Signal regions are further divided into ● High nn score
● Medium nn score
● Low nn score

Total

Control regions = 8

 Signal regions = 10

Herbstschule HEP, 2026

Signal and Control Regions
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Clear separation between the signal distributions and the total background
MWh[GeV] MWh[GeV]

qqbb channelℓνbb channel
ATLAS Simulation 
Work in progress

ATLAS Simulation 
Work in progress

❖ Normalization factors for tt̅ + LF,  tt̅ + HF ,  W/Z + jets -> free parameters

❖ Background-only fit to data in control regions -> for obtaining the normalization factors.

❖ Simultaneous Signal + Background blinded fit in all signal and control regions to obtain the signal 
strength parameter (𝜇) and upper limits on (𝜎 ⨯ BR).

❖ Both qqbb and ℓνbb channels included in the fit setup.
}    Fit

 Setup
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MWh as a fit variable



   MWh MC-data Agreement in CR

MWh[GeV]

Work in Progress

MWh[GeV]MWh[GeV]

Work in Progress

ℓνbb channel qqbb channel
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       MWh distribution in SR (Blinded)
--- signal 1.8 TeV*

MWh[GeV] MWh[GeV]

ℓνbb channel qqbb channel

--- signal 1.8 TeV*
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❖ Expected exclusion limit on 
signal cross sections obtained 
from a simultaneous S+B fit in 
SR and CR.

❖ Limits evaluated separately for 
each mass hypothesis.

From background-only fit 

15Herbstschule HEP, 2026 Satyajit Chakraborty

         Expected exclusion limits (Stat-only)



PNN for improved sensitivity

❖ Identical Neural network structure as DNN

❖ Additional input: true H± mass as parameter. 
Signal: True H± mass
Background: Random H± mass from considered hypotheses

❖ Advantages: smooth interpolation 

Two Approaches chosen:  

❖ Trained a PNN with the same DNN setup and variables: yielded 
minimal improvement (PNN 1)

❖ Training a PNN with a combination of new inputs and old inputs 
and a more optimized network (PNN 2) 

Baldi, Pierre, et al. arXiv:1601.07913 (2016).
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up-ahead

     PNN for event classification
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Caveat: the PNN score is mass-dependent 
and is therefore evaluated separately at 
each mass hypothesis for both signal and 
background events.

https://arxiv.org/abs/1601.07913


❖ Best input features selected using 
mass-normalized permutation importance.
(More in back-up)

❖ Most sensitive variable: reconstructed 
charged Higgs mass

❖ Hyperparameter optimization done using 
optuna (Bayesian optimization)
Far efficient than tedious grid and random 
search.

Satyajit Chakraborty

ATLAS Simulation, work in progressATLAS Simulation, work in progress

ATLAS Simulation, work in progress ATLAS Simulation, work in progress
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               PNN-2 input features and optimization
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Event Selection                Data-MC comparison in CR (PNN-2 inputs)
                    Reconstructed mWh                                           HT,all                                         Reconstructed mh

Work in progress Work in progress Work in progress

Work in progressWork in progress
Work in progress

           ℓνbb

           qqbb 
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              PNN-2 score MC-data Agreement in CR
Work in ProgressWork in Progress

PNN Score (1.8 TeV) PNN Score (1.8 TeV)

qqbb channelℓνbb channel
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               PNN-2 score distribution in SR (Blinded)

PNN Score bin (1.8 TeV)PNN Score bin (1.8 TeV)

--- signal 1.8 TeV*--- signal 1.8 TeV*

ℓνbb channel qqbb channel
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Expected Limits (Statistics-only) ❖ DNN with MWh fit compared to PNN-1 and
PNN-2 with nn score fit.

❖ Major improvement in sensitivity using 
PNN-2 with nn score fit with:
33% (1.2 TeV), but only 9%(3 TeV) wrt to
DNN.

❖ Using analysis sensitive variables and 
fitting on the PNN output score improved 
sensitivity.

❖ Better exclusion limits compared to MWh 
fit.

       Comparison of exclusion limits 
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Expected Limits

❖ Limited set of experimental systematics 
included due to time constraint.

❖ Integrated Luminosity is the dominant 
one among all. N.F.s enter the fit as 
nuisance parameters. 

❖ Expected limits worsen by only 0.8% at 
1.2 TeV and 0.1% at 3 TeV.
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               PNN-2 limits including systematics



 Summary 

Satyajit ChakrabortyHerbstschule HEP, 2026 23*arXiv:2411.03969

}Previous
ATLAS

Analysis*

https://arxiv.org/abs/2411.03969
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Outlook

❖ Extend PNN-2 with the full set of relevant systematic uncertainties.

❖ Unblind the PNN-2 analysis and compare its performance directly with the previous 
ATLAS strategy.

❖ Explore more unified multivariate approaches across both channels.

*arXiv:2411.03969

https://arxiv.org/abs/2411.03969


               

             Thank you!
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             Back-up



Backgrounds
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         Yields after preselection and categorisation
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Jet Substructure
p(c),p(b),p(u/d/s)

DNN

Large-R jet
      𝞰,𝜙

 ptop  pH

 
pQCD

 ftop= 0.25

For passing 60% working point:

   ATL-PHYS-PUB-2020-019
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         X-bb Tagger

https://cds.cern.ch/record/2724739?ln=en


 qqbb variables  
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       ℓνbb variables

Training setup: 
• Keras
• Hidden layers:
 – lvbb: 3 × 128 nodes
 – qqbb: 2 × 128 nodes
• ReLU activation + sigmoid output (binary classification)
• L2 regularisation 
• Dropout
• Adam optimiser 
• Batch size: 128
• Early Stopping

ATLAS Simulation work in progress

ATLAS Simulation work in progress ATLAS Simulation work in progress

ATLAS Simulation work in progress
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         DNN input variables and setup
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● Performance 
becomes better 
with higher signal 
mass.

● Overtraining 
checked.

Signal efficiency
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qqbb 1.4 TeV

qqbb 3 TeV

*AUC errors are bootstrapped errors

Performance metric:
Area under the curve (AUC)

Signal efficiency

NN score

NN score
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         DNN performance
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● Reconstructed charged higgs mass is used for binning

● Bukin fits applied to derive relative mass resolution using FWHM.

● Made sure that each bin was not finer than the corresponding resolution.
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         MWh Binning



         Expected exclusion Limits (PNN 1) 

● Slight improvement in 
sensitivity with 
3% (1.2 TeV), 11% (2.5 TeV) 
and 2% (3 TeV).

Herbstschule, 2026 Satyajit Chakraborty



Event Selection     PNN-2 input feature strategy
● Proposed a large set of input variables (30 for each Channel).

● Permutation importance of each variable: ΔAUC = AUCBaseline- AUCpermuted

● For many low-ranked features, the ranking kept changing across mass points. 

● Normalized  ΔAUC for a feature across all features per mass point.

● Compared the normalized ΔAUC of the feature across all mass points.

 

   

Baseline AUC [1.2 TeV, 
3 TeV]:

qqbb: [0.926, 0.956]
ℓνbb: [0.943, 0.971]
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Event SelectionThreshold scan
● Scanned grid of thresholds 𝜏 (normalized ΔAUC)  = {0.01%, 0.09%, 0.1%, 0.9%, 1%, 2%}

                                 
● Chosen threshold = 1%  (Helped getting rid of many low ranked variables)

Channel Number of features dropped

qqbb                     15

ℓνbb                     11

Channel Final number of features

qqbb                     14

ℓνbb                     19

Threshold 𝛕
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Event Selection                      PNN-2 Feature importance (qqbb)
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Event Selection                      PNN-2 Feature importance (ℓνbb) 
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Event Selection           PNN-2 Correlation Matrices (1.8 TeV)
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           PNN-2 variables and optimized setup

       ℓνbb variables

 qqbb variables  • Architecture (Best from Optuna scan)

 – qqbb:
   • 4 hidden layers: 512 → 256 → 256 →256
   • Dropout: 0.3
   • L2: 0.7✕10-6

   • Learning rate: 0.0001
   • Batch size: 64
   • AUC: 0.966

• Architecture (Best from Optuna scan)

 – ℓνbb:
   • 4 hidden layers: 512 → 256 → 256 →256
   • Dropout: 0.1
   • L2: 1.05✕10-6

   • Learning rate: 0.0001
   • Batch size: 64
   • AUC: 0.986
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PNN-2 Performance 

Signal mass dropped 1.8 TeV 2.5 TeV

Drop in AUC 0.001% 0.001%

Interpolation:

NN Score

Signal Efficiency
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Signal Efficiency

qqbb 3 TeVqqbb 1.4 TeV

ATLAS Simulation, work in progress ATLAS Simulation, work in progress
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PNN-2 systematics
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After S+B blinded fit



PNN-2 systematics
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                ATLAS analysis Systematics
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                ATLAS analysis Systematics
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