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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:

O

@)
@)
@)

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)



Extended Higgs sector

2 Higgs doublets (i.e. 2HDM) EWSE . hH,A H
e Relevant model parameters:
o Mixing angle a between neutral states Phys.Rev.D 67 (2003) 075019

o tan B (ratio of VEVs)
o Masses:m,m,m,m,,

1 Higgs doublet + 2 triplets (Georgi-Machacek model) EWSB o h,H,H, Ht, H, Ht,, H,
e Relevant model parameters:
o  Mixing angle a between neutral states Phys.Rev.D 90 (2014) 1

o s, =sin @, (ratio of doublet and triplet VEVs)

o Masses: m,, M, m_, m_.


https://arxiv.org/abs/1404.2640
https://arxiv.org/abs/hep-ph/0207010

Search strategy

e Most analyses are designed to perform (quasi)
model-independent searches for a bump in a
smoothly falling mass spectrum

O

Perform maximum likelihood fit to set upper
limits on production cross section and/or
branching fraction

Interpretation in a large variety of different
models
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e For complicated final states, train

neural networks (NNs) or boosted
decision trees (BDTs) to separate
signal from backgrounds
o Probe BDT/NN response
distribution



Outline

Neutral Higgs bosons searches
Singly charged Higgs boson searches

Doubly charged Higgs bosons searches
Interpretations



Neutral Higgs bosons
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gluon-gluon fusion (ggF) b/t-associated production Vector boson fusion (VBF)

Considered decay modes:
e A/H-— 1T,y tt, bb
e H-—>ZZ WW,vyy, Zy, hh
e A—Zh ZH



Search for X — ZZ — 00 0*@-

e Motivated by:
o 2HDMs
o Models predicting extra dimensions (predicting radions)

e Classify events based on topology of jets (ggF vs. VBF)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/

Search for X — ZZ — 00 0*@-

CMS Preliminary 138 fb' (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/

Search for H/A in 4 top events Xiv2408.17164

e Motivated by: 8 e L omemed
o 2HDMs (for m,, , > 900 GeV and moderate tan B values) ’%‘ C s-13 TeV, 139157  — - Expected
o Models predicting pair production of colour-octet scalars < gL 1L2Los o Eigggigf;‘; .
o Excess (1.80) in 4 top XSec measurement (arXiv:2303.15061) L+ | Alllimits at 9% CL Theory (NLO) 7
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https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2408.17164

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

95% CL limit o(pp—S—y7) (fb)

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

Events / 20 GeV

Search for new scalars in €007 ¢"

arXiv:2410.16781

e Motivated by: 14
o Hidden Abelian Higgs Model
= With mixing of U(1), the SM U(1), Zy 14
e Events are classified (in two SRs) based on requirements
on m,, and m,, S------
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https://arxiv.org/abs/2410.16781

Search for new scalars in €'¢°2"¢"+ MET/jets final states

e Motivated bY' arXiv:2401.04742
o 2HDM + S (with S being a dark matter portal) ,
o 2HDM (for A — ZH) 4 Z w
e Events are classified (in 7 SRs) based on: g% s I
o Jet multiplicity e , 2
o MET significance H\ -
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https://arxiv.org/abs/2401.04742

95% CL limit on 6(H—>WW-5212v) [pb]
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Some more Results
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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
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https://www.sciencedirect.com/science/article/pii/S037026932300727X

Singly charged Higgs bosons
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Associated production Top quark decays Vector boson fusion

Considered decay modes:
e H*— v, tb, cb, cs

e H*— W*Z W'y, W*A, W*H

14



Search for H* — cs decays
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https://arxiv.org/abs/2407.10096

JHEP 09 (2024) 186

Search for H* — W*y decays

e Motivated by:
o Georgi-Machacek model
o Folded-supersymmetry models

14
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Doubly charged Higgs bosons

o
q A
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Vector boson fusion Pair production
Considered decay modes:
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PY Hi‘i‘ — Wiwi'
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Latest Results
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Interpretations



Exclusion contours on the hMSSM parameter space
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Exclusion contours on the hMSSM parameter space
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Exclusion contours on the Type-1 2HDM parameter space
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Relevance of individual
analysis channels varies
between the selected
benchmark models
o Channels subdominant
in one interpretation

may be dominant in
another

Underlines importance to
cover full spectrum of
different production and
decay modes
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Interpretations (interference effects)

CMS Simulation Preliminary

13 TeV
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e Large width effects and

interference effects are too
often ignored in searches at

the LHC

o  Of course very
model-dependent

Have some good examples from
recent X — ZZ — £*¢°2*¢" search
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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)
o Cover extensive list of production and decay modes in searches for neutral/charged
heavy/light Higgs bosons

o Presented only a few highlights of available results.
m Additional results can be found via the ATLAS and CMS publication pages
m More results (including Wh, Zh and hh searches) to be presented by Santeri Laurila

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

o Many more results based on the full Run-2 and partial Run-3 dataset are expected in
the next month/years
m New production and decay channels will become available with increasing
statistics
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Search for X — ZZ — 00 0*@-

—e— Data

CMS Preliminary 138 fb! (13 TeV)
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Search for X — ZZ — 00 0*@-

1CMS Simulation Preliminary 13 TeV
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The distributions of

bk
M, v.s. D*9, . for the ggF
production mechanism, in
the 4y final state, estimated
from the signal simulation
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Search for X — ZZ — 00 0*@-

CMS Pre//m/nary 138 b (13 TeV)

The local p-value as a function
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Search for X — ZZ — 00 0*@-

CMS Simulation Preliminary 13 TeV
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Examples of interference lineshapes.
The lineshape of the ggF signal with
M, =450 GeV, I', = 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.
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Search for X — ZZ — 00 0*@-

CMS Simulation Preliminary 13 TeV

ﬂ 0.045 :I LI [ L I L I 17T 171 | LI I L I L L I LI .
= - 4u, VBF-tagged =
2 004 VBF, M =450 GeV, I,=45 GeV E
G 0.035F VBFZZ =
5 00k int[sig,VBFZZ] E
< F int[sig,VBFH(125)] =
0.025F int{VBFZZ,VBFH(125)] E
002E- int[sig, VBFZZ+VBFH(125)] :
0.015E- =
0.01F- =
0.005F- 3
OF =

:I 11 1 l 1 1 1 1 | 1 1 1 1 I 11 1 1 I I I I | I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 |:

150 200
CMS-PAS-HIG-24-002

250 300 350 400 450

500

550 600
ME® (GeV)

Examples of interference lineshapes.
The lineshape of the VBF signal with
M, =450 GeV, I', = 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.
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Search for H/A in 4 top events

ATLAS Simulation [Jtt+light tt+>1c tt+b

Vs=13 TeV, 139 fb' wtt+B Pi+bb  Pt+>3b

1L I it W Other

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

Relative contribution

arXiv:2408.17164 33
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Search for H/A in 4 top events

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

arXiv:2408.17164

Variable Description
2ie[1.6] Pcb;  Sum of the pcb scores of the six jets with the highest scores
Ht pt sum of all reconstructed leptons and jets
Niets Number of jets
H%a‘io pt sum of the four leading jets in pt divided by the pt sum of the remaining jets
de.‘;.g' Average AR across all jet pairs
m%v W boson transverse mass calculated using the lepton four-momenta and E{‘Ji“ (1L only)
ARZ}i’"' Minimum AR between any pair of jets b-tagged at the 70% OP
ARY™ Minimum AR between any pair of lepton and jet b-tagged at the 70% OP
mZ‘;fb Average invariant mass of all triplets of jets b-tagged at the 70% OP
j;gj Average invariant mass of all triplets of jets with an angular separation of AR < 3
>.din Sum of the first k, splitting scale d, over all large-R jets
> da3 Sum of the second k; splitting scale d»3 over all large-R jets
NLR-jets Number of large-R jets with a mass greater than 100 GeV
Centrality Dt pfr /2.; Ei where the sums are performed over all reconstructed jets and leptons
mep Invariant mass of the two leptons (2LOS only)
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Search for H/A in 4 top events
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The distributions of the GNN output score for different signal mass hypotheses
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Search for H/A in 4 top events
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Search for new physics in high-mass diphoton events

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

138 b (13 TeV)
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95% CL lower limit on clockwork M5
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The exclusion limit for the clockwork framework over the k-M,
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.
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Search for H* — cs decays

Variable type

‘ Variable name ’ Definition

Top-quark kinematic variables

J1 pr pr of ji-labelled jet
Jo PT pr of jo-labelled jet
b?ad Pr pr of bp,g-jet o
frad bl.ll;:fil Momfxntum of bhad.—l]et}n. thaq Test frame
dijet mass Invariant mass of j;+jy jets
(j1+bhaq) mass | Invariant mass of j;+bp.q jets
(Jo+bpaq) mass | Invariant mass of jo+bp.q jets
cos Boson spin sensitive variable
blep pr pr of blep'jEt
. Lepton pr pr of reconstructed lepton
lep W mass Invariant mass of reconstructed W boson
liep MAss Invariant mass of reconstructed t,,,
tep PT pr of reconstructed ty,
i apssben A_R(blep,bhad) AR b.etween the bjep-jet and by,qg-jet
tt mass Invariant mass of t,q+tiep
Event variables
Niets Number of jets in the event
Event level ET Scalar Z?T sum of al'l 'cahbrated ob‘!ects .
P Normalised probability of correct jet labelling
Flavour-tagging variables
j1 PCFT PCFT score of j;
. jo PCFT PCFT score of j
Blavousstagging eoare éiad PCFT PCFT score of éiad-jet
biep PCEFT PCF'T score of bp-jet
Necragio Number of jets passing loose c-tag WP (b-veto)
N, taeTi Number of jets passing tight c-tag WP (b-veto
Number of tags szai;ro Number of ;ets iassini 7§ % b—tagg WP ( )

Nb—tagGO

Number of jets passing 60 % b-tag WP

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

arXiv:2407.10096
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Search for H* — W*y decays

CMS 138 fb™ (13 TeV)
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JHEP 09 (2024) 186

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.
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Exclusion contours on the parameter space of the Georgi-Machacek model
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Normalised number of jets

Eur. Phys. J. C 83 (2023) 681
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Interference pattern in ttbar resonance searches
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