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Introduction 
● The SM Higgs sector is the simplest solution to achieve electroweak symmetry 

breaking 
○ There is no guarantee that the Higgs sector is actually minimal

● The SM Higgs sector can be easily extended with additional singlets, doublets, or 
triplets, or combinations of them 

● An extended Higgs sector can solve some of the shortcomings of the SM:
○ Facilitate baryogenesis to explain the large asymmetry between matter and antimatter
○ Enhance vacuum stability
○ Provide dark matter candidates
○ Provide a solution to the strong CP problem (i.e. predict axions)
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Extended Higgs sector 

2 Higgs doublets (i.e. 2HDM) EWSB h, H, A, H±

 1 Higgs doublet + 2 triplets (Georgi-Machacek model) EWSB h, H, H3, H±
3, H5, H±

5, H±±
5

● Relevant model parameters:
○ Mixing angle α between neutral states
○ tan β (ratio of VEVs)
○ Masses: mh, mH, mA, mH± 

● Relevant model parameters:
○ Mixing angle α between neutral states
○ sH = sin θH (ratio of doublet and triplet VEVs)
○ Masses: mh, mH, mH3, mH5

Phys.Rev.D 90 (2014) 1

Phys.Rev.D 67 (2003) 075019
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https://arxiv.org/abs/1404.2640
https://arxiv.org/abs/hep-ph/0207010


Search strategy
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● Most analyses are designed to perform (quasi) 
model-independent searches for a bump in a 
smoothly falling mass spectrum
○ Perform maximum likelihood fit to set upper 

limits on production cross section and/or 
branching fraction

○ Interpretation in a large variety of different 
models 

● For complicated final states, train 
neural networks (NNs) or boosted 
decision trees (BDTs) to separate 
signal from backgrounds
○ Probe BDT/NN response 

distribution 
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Outline
● Neutral Higgs bosons searches
● Singly charged Higgs boson searches
● Doubly charged Higgs bosons searches
● Interpretations



Neutral Higgs bosons 

Considered decay modes:
● A/H → ττ, μμ, tt, bb
● H → ZZ, WW, γγ, Zγ, hh
● A → Zh, ZH 

Vector boson fusion (VBF)b/t-associated productiongluon-gluon fusion (ggF)
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Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

7CMS-PAS-HIG-24-002

● Motivated by:
○ 2HDMs
○ Models predicting extra dimensions (predicting radions)

● Classify events based on topology of jets (ggF vs. VBF)

Fit inv. mass (M4ℓ) in 
bins of a kinematic 
discriminant computed 
using MELA

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

8CMS-PAS-HIG-24-002

Upper limits 
are evaluated 
for different 
signal widths

Largest excess found for a mass around 138 GeV reaching a local (global) 
significance of  3.0σ (1.9σ) for the lowest width hypotheses

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for H/A in 4 top events
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● Motivated by: 
○ 2HDMs (for mH/A > 500 GeV and moderate tan β values)
○ Models predicting pair production of colour-octet scalars
○ Excess (1.8σ) in 4 top XSec measurement (arXiv:2303.15061)

● Use mH/A-parameterised multivariate discriminant
● Classify events based on lepton & (b-)jet multiplicity

arXiv:2408.17164 

● Complimentary to searches 
for gg → A/H → tt
○ Suffer from destructive 

interference effects with 
the SM continuum 

https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2408.17164


Search for new physics in high-mass di-photon events

10JHEP 08 (2024) 215

● Motivated by:
○ Basically any extended Higgs sector model
○ Models predicting extra dimensions

● Events are classified based on the photon location in 
the ECAL: distinguishing barrel (EB) and end-cap (EE)

● Parametrised functions are fit to the mγγ spectrum

Obtain results for 
various widths 
hypotheses 

Largest excess found for a mass of 
1.3TeV reaching a local (global) 
significance of 2.6σ (0.5σ)

http://dx.doi.org/10.1007/JHEP08(2024)215


Search for new scalars in ℓ+ℓ-ℓ+ℓ- 

11

● Motivated by:
○ Hidden Abelian Higgs Model

■ With mixing of 𝑈(1)d the SM 𝑈(1)Y

● Events are classified (in two SRs) based on requirements 
on 𝑚4ℓ  and 𝑚2ℓ 

Largest excess found for  
(𝑚𝑆,𝑚𝑍d)=(350GeV, 75GeV) 
reaching a local (global) 
significance of 2.8σ (0.5σ)

arXiv:2410.16781

https://arxiv.org/abs/2410.16781


Search for new scalars in ℓ+ℓ-ℓ+ℓ- + MET/jets final states
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● Motivated by:
○ 2HDM + S (with S being a dark matter portal)
○ 2HDM (for A → ZH)

● Events are classified (in 7 SRs) based on:
○ Jet multiplicity
○ MET significance 

● Parametrised functions are fit to the m4ℓ spectrum

arXiv:2401.04742

https://arxiv.org/abs/2401.04742


Some more Results
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VBF H → WW → ℓν ℓνggF H → WW → ℓν ℓν

VBF R → ZZ → qqqqggF R → VV → qqqq

CMS-PAS-HIG-20-016 CMS-PAS-HIG-20-016

Phys. Lett. B 844 (2023) 137813 Phys. Lett. B 844 (2023) 137813

ggF A → ZH(→ tt) 

JHEP 02 (2024) 197

Phys. Lett. B 848 (2024) 138394

ggF H → Zγ 

https://cds.cern.ch/record/2803723
https://cds.cern.ch/record/2803723
http://dx.doi.org/10.1016/j.physletb.2023.137813
http://dx.doi.org/10.1016/j.physletb.2023.137813
https://link.springer.com/article/10.1007/JHEP02(2024)197
https://www.sciencedirect.com/science/article/pii/S037026932300727X


Singly charged Higgs bosons 

Considered decay modes:
● H±→ τν,  tb, cb, cs

● H± → W±Z,  W±γ,  W±A,  W±H

Associated production Top quark decays Vector boson fusion
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Search for H± → cs decays
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● Decay is relevant (or even dominant) for low masses in:
○ Type-I 2HDMs 
○ Type-II and lepton-specific 2HDMs for tan 𝛽 < 1
○ Flipped 2HDMs for tan 𝛽 > 5

● Deploy boosted decision trees using kinematic event 
properties and the flavour composition
○ Simultaneous tagging of 𝑏-jets and 𝑐-jets

Most stringent limits for masses 
between 120GeV and 160GeV

arXiv:2407.10096

https://arxiv.org/abs/2407.10096


Search for H± → W±γ decays
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JHEP 09 (2024) 186

● Motivated by:
○ Georgi-Machacek model
○ Folded-supersymmetry models 

● Parametrised functions are fit to the transverse 
mass (mT) spectrum

No significant excess is observed 
in contrast to a previous search for 
W→(qq)γ resonances (3.1σ)

http://dx.doi.org/10.1007/JHEP09(2024)186


Some more Results

arXiv:2407.10798

JHEP 09 (2023) 032

EPJC 81 (2021) 723

JHEP 06 (2021) 145

JHEP 09 (2023) 004
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JHEP 09 (2018) 139

VBF H± → WZ → ℓν ℓℓ
VBF H± → WZ → ℓν ℓℓ

 t→ b H±(→ cb)

tb H± → WH(→ ττ)

tb H± → tb
tb H± → τν 
t→ b H±(→ τν)

https://arxiv.org/abs/2407.10798
http://dx.doi.org/10.1007/JHEP09(2023)032
https://arxiv.org/abs/2104.04762
https://link.springer.com/article/10.1007/JHEP06(2021)145
https://link.springer.com/article/10.1007/JHEP09(2023)004
https://link.springer.com/article/10.1007/JHEP09(2018)139


Doubly charged Higgs bosons 

Considered decay modes:
● H±± → ℓ±ℓ±

● H±± → W±W±

Vector boson fusion Pair production
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Latest Results

arXiv:2407.10798

EPJC 81 (2021) 723

JHEP 06 (2021) 146
Eur. Phys. J. C 83 (2023) 605

VBF H±± → W±W± → ℓ±ν ℓ±ν

VBF H±± → W±W± → ℓ±ν ℓ±ν

H±±H±± → W±W± W±W± H±±H±± → ℓ±ℓ±ℓ±ℓ±

https://arxiv.org/abs/2407.10798
https://arxiv.org/abs/2104.04762
https://link.springer.com/article/10.1007/JHEP06(2021)146
https://link.springer.com/article/10.1140/epjc/s10052-023-11578-9


Interpretations
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Exclusion contours on the hMSSM parameter space

ATL-PHYS-PUB-2024-008 21

http://cds.cern.ch/record/2898861


Exclusion contours on the hMSSM parameter space

22CMS Summary Results Higgs

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryResultsHIG/MSSM_limits_hMSSM_Mar2023.png


Exclusion contours on the Type-I 2HDM parameter space

ATL-PHYS-PUB-2024-008 23

● Relevance of individual 
analysis channels varies 
between the selected 
benchmark models 
○ Channels subdominant 

in one interpretation 
may be dominant in 
another

● Underlines importance to 
cover full spectrum of 
different production and 
decay modes

http://cds.cern.ch/record/2898861


Interpretations (interference effects)

24CMS-PAS-HIG-24-002

● Large width effects and 
interference effects are too 
often ignored in searches at 
the LHC 
○ Of course very 

model-dependent

Have some good examples from 
recent X → ZZ → ℓ+ℓ-ℓ+ℓ- search

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Concluding remarks
● Extended Higgs sector is promising to find new physics  
● CMS and ATLAS have recently published several exciting experimental results on 

searches for additional Higgs bosons (still only based on Run-2 data)
○ Cover extensive list of production and decay modes in searches for neutral/charged 

heavy/light Higgs bosons 
○ Presented only a few highlights of available results. 

■ Additional results can be found via the ATLAS and CMS publication pages
■ More results (including Wh, Zh and hh searches) to be presented by Santeri Laurila

○ No significant hint for physics beyond the SM has been observed so far
■ But there are several small deviations that have to be followed up 

○ Many more results based on the full Run-2 and partial Run-3 dataset are expected in 
the next month/years
■ New production and decay channels will become available with increasing 

statistics
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
http://cms.web.cern.ch/news/cms-physics-results


Back-up
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Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

27CMS-PAS-HIG-24-002

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

28CMS-PAS-HIG-24-002

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

29CMS-PAS-HIG-24-002

The distributions of 
M4ℓ v.s. Dbkg

kin for the ggF  
production mechanism, in 
the 4μ final state, estimated 
from the signal simulation

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

30CMS-PAS-HIG-24-002

The local p-value as a function 
of MX with fVBF floating

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

31CMS-PAS-HIG-24-002

Examples of interference lineshapes. 
The lineshape of the ggF signal with 
MX =450 GeV, ΓX = 45 GeV in the red 
curve, the lineshape of the gg → ZZ
background in the blue curve, and the 
lineshapes of the three interferences in 
the violet, orange and green curves.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for X → ZZ → ℓ+ℓ-ℓ+ℓ-

32CMS-PAS-HIG-24-002

Examples of interference lineshapes. 
The lineshape of the VBF signal with 
MX =450 GeV, ΓX = 45 GeV in the red 
curve, the lineshape of the VBF ZZ
background in the blue curve, and the 
lineshapes of the three interferences in 
the violet, orange and green curves.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/


Search for H/A in 4 top events

33arXiv:2408.17164 

The relative contribution of the different 
background classes in the control, 
validation and signal regions in the 1L 
channels.

https://arxiv.org/abs/2408.17164


Search for H/A in 4 top events

34
arXiv:2408.17164 

The list of global features used in the 
GNN training in descending order of 
importance in the training of the 1L GNN

https://arxiv.org/abs/2408.17164


Search for H/A in 4 top events
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arXiv:2408.17164 

The distributions of the GNN output score for different signal mass hypotheses

https://arxiv.org/abs/2408.17164


Search for H/A in 4 top events

36arXiv:2408.17164 

Expected and observed 95% CL upper 
limits on the S8S8→4 top production 
cross-section as a function of mS8, 
obtained from the combination of the 
1L/2LOS and 2LSS/ML final states. The 
expected limits from the individual 
1L/2LOS and 2LSS/ML analyses are also 
shown. The predicted production 
cross-section is shown with the solid blue 
curve.

https://arxiv.org/abs/2408.17164


Search for new physics in high-mass diphoton events
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JHEP 08 (2024) 215

Observed 95% CL upper limits on the product of the 
cross section and branching fraction as a function of 
the Higgs boson mass versus the resonance width 

The product of the acceptance and the event selection efficiency  is shown as a 
function of the signal resonance mass for the narrow signal width hypothesis

http://dx.doi.org/10.1007/JHEP08(2024)215


Search for new physics in high-mass diphoton events
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The exclusion limit for the clockwork framework over the k-M5 
parameter space. The darker shaded region denotes where 
the theory becomes nonperturbative. The region below the 
solid line constitutes the excluded region. Expected 68% and 
95% limit bands are shown in green and yellow, respectively.

JHEP 08 (2024) 215

http://dx.doi.org/10.1007/JHEP08(2024)215


Search for H± → cs decays

39arXiv:2407.10096

Final list of input variables used in the 
training of the boosted decision trees

https://arxiv.org/abs/2407.10096


Search for H± → W±γ decays
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Observed local p-values for broad resonance 
width hypotheses with the background-only fit in 
the hadronic and leptonic channels. The blue line 
shows the observed local p-values after their 
combination. In the hadronic channel (violet 
line), the largest excess corresponds to a local 
significance of 3.1 s.d. In the leptonic channel 
(orange line), the largest local significance is 1.6 
s.d.. After combining with the leptonic channel, 
the largest excess is 2.5 s.d.

JHEP 09 (2024) 186

http://dx.doi.org/10.1007/JHEP09(2024)186


Exclusion contours on the parameter space of the Georgi-Machacek model

ATL-PHYS-PUB-2022-008

http://cds.cern.ch/record/2803996


ATLAS c-jet tagging

Eur. Phys. J. C 83 (2023) 681

https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1


Interference pattern in ttbar resonance searches

JHEP 08 (2024) 013

https://link.springer.com/article/10.1007/JHEP08(2024)013

