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Introduction
• No fundamental particles observed so far at the LHC, other than the 

Higgs boson

• New particles could be discovered by probing higher energies or 

lower cross-sections

• The LHC has been running near its maximum energy since 2015, and 

it is ~50 years before much higher energy collisions are expected

• Searches for weaker couplings becoming more important

• The small Higgs width means even small Higgs–BSM couplings can 

manifest as large branching fractions

• Colliders provide a good probe at                                                      

the ~GeV scale and above

• Lower energy experiments, e.g. beam                                                

dumps, are sensitive at lower masses
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Models
• Many BSM models predict feebly interacting particles (FIPs), e.g. 

Higgs bosons, dark photons, axions/axion like particles (ALPs), 
heavy neutral leptons…


• Extended Higgs sectors (e.g. 2HDM+S) introduce additional Higgs 
bosons, and are present in various models (e.g. supersymmetry)


• FIPs can interact with the Standard Model (SM) via portal particles, 
which often kinematically mix with a SM boson

• Dark sectors containing dark matter (DM) can couple weakly to 

the SM through portals

• Majorana neutrinos from “see-saw” models can explain the small 

neutrino masses

• Axions/ALPs can solve the strong CP problem, and provide a DM 

candidate

• Models with FIPs can also potentially explain the  anomalyg − 2

3

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.075004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.103513
https://link.springer.com/article/10.1007/JHEP08(2014)131
https://iopscience.iop.org/article/10.1088/1126-6708/2009/05/030
https://link.springer.com/chapter/10.1007/978-3-540-73518-2_1
https://link.springer.com/article/10.1007/JHEP09(2021)080
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801


ATLAS
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http://opendata.atlas.cern/release/2020/documentation/atlas/experiment.html
http://opendata.atlas.cern/release/2020/documentation/atlas/experiment.html
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• Target signal: dark photon 


• Signature: two  decays


• Triggers: single-  & multi- 


• Selection overview:  SF OS 
lepton pairs; ; 




• Main backgrounds (models): 

•  (MC & CR)

• fake leptons (fake-factor method)


• Categorisation: SR &  CR


• Discriminant: mean di-  mass

• Dominant uncertainties: data stats

A′￼

A′￼→ ℓ+ℓ−

ℓ ℓ
≥ 2

m4ℓ < mZ − 5 GeV
mℓ3ℓ4

/mℓ1ℓ2
> 0.85

qq → 4ℓ

qq → 4ℓ
ℓ

ATLAS-CONF-2023-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/


6ATLAS-CONF-2023-016

• Covers significantly wider  and  mass ranges than previous 
searches, e.g. PRL 108 (2012) 211801 and PRL 114 (2015) 211801

A′￼ hd

Z → A′￼hd, hd → A′￼A′￼(*)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.211801
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• Target signal: dark pions 


• Signature: 8–10 jets with  b-jets


• Triggers: 


• Selection overview:  large-radius jets with masses  &
 for , 2 b-jets with , & 


• Main background (model): 
• multiple QCD jets (4D ABCD estimate)


• Categorisation: 9 SRs based on  values

πD

≥ 4
HT = Σ |pjet

T |

≥ 2 > 250 GeV
> 300 GeV πD ΔR < 1 mbb /pT,bb > 0.25

mjet

π±
Dπ0,±

D → 2t2b,3t1b
ATLAS-CONF-2023-021

https://arxiv.org/abs/1809.10183
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/


• Discriminant: event yields in 2D  regions


• Dominant uncertainties: multi-jet background estimation and 
data stats


• First dedicated  search!

mjet

πD
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π±
Dπ0,±

D → 2t2b,3t1b

ATLAS-CONF-2023-021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/


VBS Heavy Majorana Neutrinos
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• Target signal: Majorana neutrino  exchange, with Weinberg 
Operator and Phenomenological Type I “see-saw” interpretations


• Signature: vector boson scattering (VBS), giving 


• Triggers: single- 


• Selection overview: same-sign di-  &  jets;  & 
; b-jet &  vetos


• Main backgrounds (models):

•  (MC with CR)


•  (MC with CR)


• Categorisation: SR,  CR &  CR

N

μ±μ± + VBS jets

μ
μ ≥ 2 mjj > 300 GeV

Δηjj > 4 Emiss
T

WWjj
WZ

ssWW ZZ

EXOT-2020-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-06/


VBS Heavy Majorana Neutrinos
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• Discriminant: sub-leading jet 

• Dominant uncertainties: data stats


• 


• This analysis provides world leading sensitivity to TeV-scale , and 
complimentary sensitivity neutrinoless double beta decay

pT

|mμμ | < 16.7 GeV (13.1 GeV exp)

mN

EXOT-2020-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-06/


Exotic Higgs Decays Summary

11ATL-PHYS-PUB-2021-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/


2HDM  DM Comb/Summary+a
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• 2HDM  is an important DM model, with 14 free parameters

• 3 analyses are combined, and 7 more included in the summary

• Several benchmark scenarios are considered, e.g.:

+a

EXOT-2018-64

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/


Higgs to invisible combination 

13arXiv:2301.10731 [hep-ex]

• The portal between the dark sector and the SM can be the Higgs 
boson, which can make decays of the Higgs to DM possible

https://arxiv.org/abs/2301.10731


Higgs to invisible combination 

14arXiv:2301.10731 [hep-ex]

• 95% CL upper limit: 

• Most stringent upper limit to date!

ℬ < 10.7 % (7.7%)

https://arxiv.org/abs/2301.10731


CMS
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CMS

https://cms.cern/detector
https://cms.cern/detector


Z′￼ → sχχ, s → W+W−
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• Target signal: DM produced via dark  and dark Higgs


• Signature: , with at least one leptonic  decay

• Channels: di-leptonic & semi-leptonic

• Triggers: single-  & di- 

• Selection overview: MET requirements & b-vetos 

• Di-leptonic channel: 2 opposite-flavour OS leptons

• Semi-leptonic channel: 1  &  jets


• Categorisation: di-leptonic channel has 3  categories

• Main backgrounds (models):


• Di-leptonic channel: , , &  (MC+CRs)


• Semi-leptonic channel: ,  &  (MC+CRs)

Z
W+W− + MET W

ℓ ℓ

ℓ ≥ 2
ΔRℓℓ

tW tt̄ WW
W + jets tW tt̄

CMS-PAS-EXO-21-012

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html
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• Discriminants: transverse mass of subleading lepton and MET, and 
 in di-leptonic channel, and BDT in semi-leptonic channelmℓℓ

CMS-PAS-EXO-21-012

Z′￼ → sχχ, s → W+W−

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html


X → μμ
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• Target signal: generic , : [1.1, 2.6] or [4.2, 7.9] GeV


• Model independent, 2HDM+S and  interpretations


• Triggers: di-  scouting triggers write subset of event to disk


• Event rates up to 2 kHz ( standard di-  triggers) 


• Selection overview:  BDT-based high-level trigger muons with 
 & 


• Additional high-  selection with  & di-   requirements

• Signal model: DSCB+Gaussian

• Background model: smooth functions

X → μ+μ− mX

ZD

μ
∼ 4 × μ

≥ 2
pT > 4 GeV |η | < 1.9

pT μ μ pT

CMS-PAS-EXO-21-005

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html
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• Discriminant: di-  massμ

X → μμ

CMS-PAS-EXO-21-005

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html


• Target signal:  decays from a “see-saw” mechanism in 
a left-right symmetry model 

• Signature: 2 SS  & 4 jets


• A focus on  

• Channels: di-  & di- 


• Triggers: di-  & single- 


• Selection overview: 2 same flavour “loose”  &  jets; 
;  mass difference minimised in matching 

• Categorisation (per channel):  AK8 jets,   &  AK4 jets SR;  
AK8 jet,   &  AK4 jets SR;  AK8 jets SR;  CR; &  CR


• Main backgrounds (models):  & Drell-Yan/  (both MC with data-
driven corrections and CRs)

Z′￼→ NℓNℓ

ℓ
mNℓ

≪ mZ′￼

e μ
e/γ μ

ℓ ≥ 2
mℓℓ > 150 GeV Nℓ

0 2 ℓ ≥ 4 1
≥ 1 ℓ ≥ 2 ≥ 2 tt̄ Z

tt̄ Z

Z′￼ → NℓNℓ → ℓ±ℓ±4q

20CMS-PAS-EXO-20-006

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html


Z′￼ → NℓNℓ → ℓ±ℓ±4q

21CMS-PAS-EXO-20-006

• Discriminant: 


• Most stringent direct limits on —  plane to date

mZ′￼

mZ′￼ mNℓ

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html


Exotica Results Summary

22CMS Exotica Public Plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Moriond_2023


• The LHC pushes the energy frontier, but can also probe lower cross-
sections via FIP searches


• Various recent FIP searches were presented, but many less-recent 
searches exist


• ATLAS also performed a semi-visible jets search (see Sukanya's talk), 
and a variety of exotic Higgs decays searches (see Rocky's talk)


• Many searches stats limited  Run 3 & HL-LHC should be exciting!

• New LHCb results on the way!

• ALICE 3 will have sensitivity to ALPs

• NA62 has various less-recent FIP results:


• Phys. Lett. B 807 (2020) 135599

• JHEP 3 (2021) 58

• Phys. Lett. B 816 (2021) 136259

• JHEP 2 (2021) 201

→

Summary
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https://indico.cern.ch/event/1198609/contributions/5358353/
https://indico.cern.ch/event/1198609/contributions/5367320/
https://arxiv.org/abs/2203.05939
https://www.sciencedirect.com/science/article/pii/S0370269320304032?via=ihub
https://link.springer.com/article/10.1007/JHEP03(2021)058
https://www.sciencedirect.com/science/article/pii/S0370269321001994?via=ihub
https://link.springer.com/article/10.1007/JHEP02(2021)201


Thanks for listening!
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Any questions?

CERN (adapted)
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