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General 2HDM: including off-diagonal Yukawa couplings for the second 
doublet in the alignment limit while dropping discrete symmetry ( ) which 
will allow for FCNH 

Extra sub-TeV Higgs bosons ( , ) with extra Yukawa couplings: , ,   
Satisfy existing experimental constraints (Higgs coupling measurements, 
flavour physics, etc.), and can address several shortcomings of the SM: 
electroweak baryogenesis, strong CP problem, flavour problem, etc 

Production modes with  and  and resulting processes  
are studied 

Final states with multiple leptons (2𝓁SS, 3𝓁, 4𝓁) and b-jets studied (expect 
lepton charge asymmetry) 

Some analyses observed odd data features, that g2HDM model could 
explain 

ttHML: tension in 2LSS (++) >=2bj region 

SM 4top: also observed a lepton charge asymmetry at high Njets 

Recent 4tops BSM search confirms this deviation and the asymmetric high 
nJets data/MC discrepancy
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Motivation
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arXiv:2007.14858ATLAS-CONF-2019-045

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://arxiv.org/abs/2007.14858
https://arxiv.org/pdf/2211.01136.pdf
https://arxiv.org/abs/2007.14858
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
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Use tight lepton definition to suppress reducible 
background 

Non-prompt lepton veto BDTs 

Estimate corrections from data for various non-prompt 𝓁 
(HF, conversions) and irreducible (VV+HF jets, , ) 
backgrounds in simultaneous fit CRs+SRs 

Multiple control regions are defined in order to fit the 
normalisation of the leading backgrounds  

Signal regions 

Split according to number of leptons, total lepton charge, and 
a multi-output  deep neural network classifier ( ) to 
categorise the different BSM signals 

A second DNN is trained in a distance correlation (disCo) 
approach in each CAT to discriminate the signal from the 
backgrounds ( ) 

• Simultaneous profile likelihood fit of CRs+SRs

tt̄Z tt̄W

DNNCAT

DNNSB
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Analysis strategy

2ℓtt(e)

HF non-prompt ℓ CRs 
[≥2j, 1bj]

2ℓSS

SRs [≥2j, ≥1bj] 
[LTM or LMM ] 

split: [++/- -] x [DNNCAT] 

3ℓ

veto conversion 
candidate electrons

accept conversion 
candidate electrons

TMex

SR

SRs [≥2j, ≥1bj] 
[TT or TM] 

split: [++/- -] x [DNNCAT]

=1 Z cand.
3ℓVV SR

pT ℓsublead

MexT MexMex

3ℓttZ
=1 Z cand. =0 Z cand.

Nbjets Nbjets

3ℓMatC

Nevents

3ℓIntC

Nevents

3ℓ

[2-3j, ≥1bj] [≥4j, ≥1bj]
Conversions CRs 

[LMM] [0bj] 
VV/tt̄Z CRs [LMM]

SRs [≥2j, ≥1bj] 
[4L]

no conversion 
requirement

4ℓ

SR

=0 Z cand.

DNNSB

TMex MexT MexMex

2ℓtt(e) 2ℓtt(e)

2ℓtt(μ) 2ℓtt(μ) 2ℓtt(μ)

pT ℓsublead pT ℓsublead

pT ℓsublead pT ℓsublead pT ℓsublead

DNNSB

DNNSB

2ℓtt(e)

HF non-prompt ℓ CRs 
[≥2j, 1bj]

2ℓSS

SRs [≥2j, ≥1bj] 
[LTM or LMM ] 

split: [++/- -] x [DNNCAT] 

3ℓ

veto conversion 
candidate electrons

accept conversion 
candidate electrons

TMex

SR

SRs [≥2j, ≥1bj] 
[TT or TM] 

split: [++/- -] x [DNNCAT]

=1 Z cand.
3ℓVV SR

pT ℓsublead

MexT MexMex

3ℓttZ
=1 Z cand. =0 Z cand.

Nbjets Nbjets

3ℓMatC

Nevents

3ℓIntC

Nevents

3ℓ

[2-3j, ≥1bj] [≥4j, ≥1bj]
Conversions CRs 

[LMM] [0bj] 
VV/tt̄Z CRs [LMM]

SRs [≥2j, ≥1bj] 
[4L]

no conversion 
requirement

4ℓ

SR

=0 Z cand.

DNNSB

TMex MexT MexMex

2ℓtt(e) 2ℓtt(e)

2ℓtt(μ) 2ℓtt(μ) 2ℓtt(μ)

pT ℓsublead pT ℓsublead

pT ℓsublead pT ℓsublead pT ℓsublead

DNNSB

DNNSB

2ℓtt(e)

HF non-prompt ℓ CRs 
[≥2j, 1bj]

2ℓSS

SRs [≥2j, ≥1bj] 
[LTM or LMM ] 

split: [++/- -] x [DNNCAT] 

3ℓ

veto conversion 
candidate electrons

accept conversion 
candidate electrons

TMex

SR

SRs [≥2j, ≥1bj] 
[TT or TM] 

split: [++/- -] x [DNNCAT]

=1 Z cand.
3ℓVV SR

pT ℓsublead

MexT MexMex

3ℓttZ
=1 Z cand. =0 Z cand.

Nbjets Nbjets

3ℓMatC

Nevents

3ℓIntC

Nevents

3ℓ

[2-3j, ≥1bj] [≥4j, ≥1bj]
Conversions CRs 

[LMM] [0bj] 
VV/tt̄Z CRs [LMM]

SRs [≥2j, ≥1bj] 
[4L]

no conversion 
requirement

4ℓ

SR

=0 Z cand.

DNNSB

TMex MexT MexMex

2ℓtt(e) 2ℓtt(e)

2ℓtt(μ) 2ℓtt(μ) 2ℓtt(μ)

pT ℓsublead pT ℓsublead

pT ℓsublead pT ℓsublead pT ℓsublead

DNNSB

DNNSB



Red LHC Workshop| 11 May 2023 | Nazlim Agaras

Use tight lepton definition to suppress reducible 
background 

Non-prompt lepton veto BDTs 

Signal regions 

Split according to number of leptons, total lepton charge, and 
a multi-output  deep neural network classifier ( ) to 
categorise the different BSM signals 

A second DNN is trained in a distance correlation (disCo) 
approach in each CAT to discriminate the signal from the 
backgrounds ( ) 

• Simultaneous profile likelihood fit of CRs+SRs

DNNCAT

DNNSB

4

Analysis strategy

Estimate corrections from data for various non-prompt 𝓁 
(HF, conversions) and irreducible (VV+HF jets, , ) 
backgrounds in simultaneous fit CRs+SRs 

Multiple control regions are defined in order to fit the 
normalisation of the leading backgrounds 
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Post-Fit

Data Four top
Wtt Htt
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HFel Mat Conv
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Other Uncertainty
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Data/MC comparison from CR dedicated for non-
prompt electrons/muons from heavy-flavour decays

Data/MC comparison from CR dedicated for 
diboson and  SM processestt̄Z

Good modeling of various Standard 
Model processes!
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1) (DNNCAT) used to categorise the signal to various 
CATs has been trained separately for 2ℓSS & 3ℓ 
channels 

2ℓSS: 5 cat. (sstt, ttq, ttt, tttq, tttt) 

3ℓ: 3 cat. (ttt, tttq, tttt)

5

Signal regions: Neural network(s)

psstt pttq pttt ptttq ptttt

Class probabilities

1st step

var1 var2 varN…

2nd step

var1 var2 varN…

2) (DNNSB) used to discriminate the dedicated signal category from 
the background 

decorrelated network from mass dependent variables (DisCo: 
Robust Networks Through Distance Correlation (arXiv))  

2ℓSS: 5 training, 3ℓ: 3 training, 4ℓ: 1 training 

CATs additionally split 

CATs additionally split by charge to ++ and -- 
exploiting the additional separation between 
charge-symmetric and charge-asymmetric signal 
processes

https://arxiv.org/pdf/2001.05310.pdf
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1) (DNNCAT) used to categorise the signal to various 
CATs has been trained separately for 2ℓSS & 3ℓ 
channels 

2ℓSS: 5 cat. (sstt, ttq, ttt, tttq, tttt) 

3ℓ: 3 cat. (ttt, tttq, tttt)
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Signal regions: Neural network(s)

2) (DNNSB) used to discriminate the dedicated signal category from 
the background 

decorrelated network from mass dependent variables (DisCo: 
Robust Networks Through Distance Correlation (arXiv))  

2ℓSS: 5 training, 3ℓ: 3 training, 4ℓ: 1 training 

CATs additionally split 

Normalized distributions of the categorization 
for each signal process, compared to the total 

expected background, 

The expected fractional signal 
contribution in each category scalar 

masses for the coupling set ρtt = 0.4, ρtc = 
0.2, ρtu = 0.2. 

https://arxiv.org/pdf/2001.05310.pdf
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95% CL upper limits on the σ x BR for all the 2HDM signals together across different heavy 
Higgs masses (from 200 to 1000 GeV) 

Assuming BSM signal corresponding to benchmark match  and 4-tops tensions: 400 GeV and 
 

Assuming  or  

tt̄W
ρtt = 0.4, ρtc = 0.2, ρtu = 0.2

ρtt = 0 ρtq = 0
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Results 
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95% CL upper limits on the σ x BR for all the 2HDM signals together across different heavy 
Higgs masses (from 200 to 1500 GeV) 

Assuming BSM signal corresponding to benchmark match  and 4-tops tensions: 400 GeV and 
 

Assuming  or  

tt̄W
ρtt = 0.4, ρtc = 0.2, ρtu = 0.2

ρtt = 0 ρtq = 0
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Results 

Scan of the couplings at 
mH = 1 TeV

0 0.2 0.4 0.6 0.8 10

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.5

1

1.5

2

2.5

3 ]
m

O
bs

er
ve

d 
sig

ni
fic

an
ce

 [

0.2

0.4

0.6

0.8

m2.81 

ATLAS Preliminary
 = 1000 GeVHm

ρtu /∑ i ρti = 1

ρtt /∑ i ρti = 1

ρtc /∑ i ρti = 1

m2.75 

m2.5 

m2.0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
SBDNN

0
0.5

1
1.5

 
Da

ta
 / 

Pr
ed

.

10

20

30

40

50

60

70

80

Ev
en

ts

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

g2HDM
2ℓSS + + CATtttq
Post-Fit

Data Signal sstt
Signal ttq Signal ttt
Signal tttq Signal tttt
Four top Wtt

Htt *)γ(Z/tt
*(low mass)γtt Diboson
µHF HFel

Mat Conv QMisID
Other Uncertainty
Pre-Fit Bkgd.

Scan the full 4D planes of couplings  vs mass 
A mild excess is observed over SM expectation to a local significance of 2.81𝜎 for a signal with 

 and 

(ρtt, ρtu , ρtc)

mH = 1000 GeV (ρtt = 0.32, ρtc = 0.05, ρtu = 0.85)

SR (++) with the most 
significant tension

SR (- -) with the most 
significant tension

Excess in ++ 
ttq/tttq 

categories
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95% CL upper limits on the σ x BR for all the 2HDM signals together across different heavy 
Higgs masses (from 200 to 1500 GeV) 

Assuming BSM signal corresponding to benchmark match  and 4-tops tensions: 400 GeV and 
 

Assuming  or   

Scan the full 4D planes of couplings  vs mass 
A mild excess is observed over SM expectation to a local significance of 2.81𝜎 for a signal with 

 and 

tt̄W
ρtt = 0.4, ρtc = 0.2, ρtu = 0.2

ρtt = 0 ρtq = 0

(ρtt, ρtu , ρtc)

mH = 1000 GeV (ρtt = 0.32, ρtc = 0.05, ρtu = 0.85)
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Results 

Bonus: RPV SUSY interpretation (decay via a lepton-number-  violating RPV coupling) 

Set limits on wino, higgsino and smuon-bino models with RPV LQD coupling

Observed exclusion limits on the σ x BR ratio for 
Higgsino model  excluded200 < mH < 585 GeV

Observed exclusion limits on the σ x 
BR ratio for Smuon-bino model 

 excluded225 < mH < 600 GeV
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Analysis search for heavy Higgs bosons from a g2HDM in multilepton plus b-jets final states in 
pp  collisions at 13 TeV with the ATLAS detector  

Presented in conference note - Link 

Additional sensitivity to novel SUSY signals 

A mild excess is observed over the Standard Model expectation corresponding to a local 
significance of 2.81 standard deviations for a signal with  and 

 

BSM signal profiting mostly from charge-asymmetric ++ ttq/tttq categories 

New paper with updated mass points is on the way, stay tuned! 

mH = 1000 GeV
(ρtt = 0.32, ρtc = 0.05, ρtu = 0.85)
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Summary

https://cds.cern.ch/record/2815674/files/ATLAS-CONF-2022-039.pdf
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