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What lies beyond the Standard Model?

2

e

νe

µ

νµ

τ

ντ

u

d

c

s

t

b

γ

g

W

Z

H

Q
U

AR
KS

LE
PT

O
N

S
Q

U
AR

KS
Q

U
AR

KS

Q
U

AR
KS

GA
U

GE
 B

O
SO

N
S Q

U
AR

KS
SC

AL
AR

QUARKSFERMIONS QUARKSBOSONS

Parameters: 
12 fermion masses 
3 coupling constants 
2 Higgs parameters 
8 mixing angles (v and q) 
(+1 strong CP phase)
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Some patterns emerge… 
are they features of an 
unknown symmetry?

M. Thomson

https://www.hep.phy.cam.ac.uk/~thomson/
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Lepton Masses Quark Masses

Electroweak Scale

The LHC 
is the only accelerator that can 

directly probe energy scales  
above the weak scale

SM Measurements 
can probe higher energies and 

hint at deviations (given enough precision 
and luminosity)

Direct searches 
are our only chance at understanding 

the physics behind any low energy deviations

Planck Scale

What’s happening here?

CMS Top BSM 
B. Yates 

4:30 PM Tues.

https://indico.cern.ch/event/1218225/contributions/5383829/
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dirac? majorana? 

right-handed neutrinos?

WIMPs? axions/ALPs? 

Nature, Astrobites

gravity!

https://www.nature.com/articles/ncomms7935
https://astrobites.org/2016/11/04/the-bullet-cluster-a-smoking-gun-for-dark-matter/


What lies beyond the Standard Model?

6

Source of EWK symmetry breaking?

Higgs naturalness?

matter 

anti-matter

Source of CP violation?

Gauge coupling 
unification?

Tikz, Purdue, B. C. Allanach

https://tikz.net/higgs-potential/
https://www.physics.purdue.edu/jung/
https://www.researchgate.net/figure/Gauge-unification-doesnt-work-in-the-Standard-Model-the-three-gauge-couplings-a-1-a-2_fig2_307904630
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This region is particularly interesting: 
WIMP dark matter 

Natural SUSY / any other top partner 
Probe the Higgs potential 

Look for novel Higgs decays
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Planck Scale

What’s happening here?

ATLAS BSM Higgs 
P. Thompson 

2:15 PM today

https://indico.cern.ch/event/1218225/contributions/5383964/
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Science drivers for High Energy Physics:

At least 4 addressed by the BSM program at the LHC!

P5 Report

https://www.usparticlephysics.org/wp-content/uploads/2018/03/FINAL_P5_Report_053014.pdf


Where are we now?
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Run 4+Run 1 Run 2 Run 3

30 fb-1 150 fb-1 300 fb-1 3000 fb-1

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2040

7 TeV 8 TeV
13 TeV 13.6 TeV 13.6-14 TeV

LHC HL-LHC

now
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Where are we now?

11CMS Lumi

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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target

today hl-lhc 
begins

CMS Lumi

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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13CMS Lumi

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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(approximate) 
HL-LHC Pile-up

CMS Lumi

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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(approximate) 
HL-LHC Pile-up

CMS Lumi, ED1, ED2, ED3

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayStandAlone/2012_highPileup.png
https://cds.cern.ch/record/2674770
https://cds.cern.ch/record/2231915


Where are we now?
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In the calm before the storm

Right now:  
a chance to design searches that incorporate everything we’ve 

learned so far, before physics gets a lot harder to do

Hokusai

https://www.artic.edu/artworks/24645/under-the-wave-off-kanagawa-kanagawa-oki-nami-ura-also-known-as-the-great-wave-from-the-series-thirty-six-views-of-mount-fuji-fugaku-sanj%E7%AC%9Brokkei


Hunting for resonances

• Classic search concept: 
⃝ Identify a potential BSM particle that decays to visible products, and search for a resonance 
⃝ Devil is in the details: interpretation depends strongly on assumptions about line shapes
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B2G-20-012

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-012/index.html


Hunting for resonances

• Classic search concept: 
⃝ Identify a potential BSM particle that decays to visible products, and search for a resonance 
⃝ As mass increases, W/Z have boosted decays; cannot resolve di-jet system 
⃝ Generic selections: can use upper limits to apply exclusions to many models
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𝛾

HDBS-2019-10

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-10/


• Can even use resonances to search for explanations for neutrino mass 
⃝ Heavy neutral lepton searches can be interpreted as heavy right-handed neutrinos 
⃝ In this search, they couple to a right-handed gauge boson
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Hunting for resonances

EXOT-2019-39

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-39/


Hunting for resonances

• How to use this approach 
in new ways? 
⃝ Skirt trigger constraints 

using data scouting to 
access low masses
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html


Hunting for resonances

• How to use this approach in new ways? 
⃝ Can also target lower masses via associated production (at the cost of a 

lower cross-section)
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HDBS-2020-12

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-12/


Hunting for resonances

• How to use this approach in new ways? 
⃝ Or, use the information from the measured protons to infer the mass of an invisible particle
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EXO-19-009

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-009/index.html


Hunting for resonances

• How to use this approach in new ways? 
⃝ Take advantage of forward systems, like the ATLAS Forward Proton spectrometer  
⃝ Reduce backgrounds by checking consistency between photon kinematics and proton E loss
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EXOT-2019-28

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-28/


Hunting for resonances

• Across all these methods, able to 
consider wide range of masses 
and potential couplings

24ATLAS EXOT Summary

ATLAS Leptonic 
BSM 

R. Schimmel 
3 PM today

CMS Di-Muon 
Scouting 
Z. Wang 

6 PM today

ATLAS 
Resonances 

B. Leban 
3:30 PM today

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_DarkMatterCoupling_Summary/ATLAS_DarkMatterCoupling_Summary.png
https://indico.cern.ch/event/1218225/contributions/5383796/
https://indico.cern.ch/event/1218225/contributions/5383796/
https://indico.cern.ch/event/1218225/contributions/5384870/
https://indico.cern.ch/event/1218225/contributions/5384870/
https://indico.cern.ch/event/1218225/contributions/5383793/
https://indico.cern.ch/event/1218225/contributions/5383793/


Looking for missing energy

• Biggest weakness of resonances searches is systems in which we 
don’t reconstruct all the decay products 
⃝ Specialty of SUSY and Dark Matter searches 
⃝ Look for missing energy plus specific decay topologies

25

ATLAS Dark 
Matter 

J. J. Teoh 
2:45 PM today

CMS Dark Matter 
S. K. Bright-Thonney 

5 PM Tues.

ATLAS Prompt SUSY 
F. Rizatdinova 

3:15 PM today

CMS EWK SUSY 
P. Matorras-Cuevas 

4:45 PM Tues.

CMS Photon 
SUSY 

M. Paulini 
5:15 PM Tues.

https://indico.cern.ch/event/1218225/contributions/5383928/
https://indico.cern.ch/event/1218225/contributions/5383928/
https://indico.cern.ch/event/1218225/contributions/5383934/
https://indico.cern.ch/event/1218225/contributions/5383795/
https://indico.cern.ch/event/1218225/contributions/5383823/
https://indico.cern.ch/event/1218225/contributions/5383973/
https://indico.cern.ch/event/1218225/contributions/5383973/


Looking for missing energy

• Biggest weakness of resonances searches is systems in which we 
don’t reconstruct all the decay products 
⃝ Specialty of SUSY and Dark Matter searches 
⃝ Look for missing energy plus specific decay topologies
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SUS-21-009

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-009/index.html


Looking for missing energy

• In SUSY, well-defined cross-sections give 
clear targets 
⃝ Biggest challenge is a spectrum with only 

EWK particles at accessible masses

27

1 GeV 100 GeV 10000 GeV

Mass Range

SUSY xs twiki, CONF-2023-009

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-009/


Looking for missing energy

• In SUSY, well-defined cross-sections give 
clear targets 
⃝ Biggest challenge is a spectrum with only 

EWK particles at accessible masses 
⃝ Huge recent effort on CMS to combine 

analyses for improved limits

28
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Mass Range

SUSY xs twiki, SUS-21-008

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html


Including unconventional signatures
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already the case on CMS!

• As the LHC progresses, unconventional 
signatures are becoming the norm 
⃝ Large focus on long-lived particles, where 

searches are technically challenging but 
often have very small backgrounds 

⃝ Recent ATLAS software updates have made 
it possible to run large radius tracking on 
all events

IDTR-2021-03

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/


Including unconventional signatures
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• Old displaced tracking filters separated 
searches like these: 
⃝ Long-lived sleptons vs. semi-long-lived 

sleptons — in Run 3 could merge for even 
stronger limits

1 GeV 100 GeV 10000 GeV

Mass Range

CONF-2023-018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-018/


• Can extend heavy neutral lepton searches to long lifetimes 
⃝ Likely scenario due to potentially small effective coupling to W 
⃝ DNN jet tagger allows for application to a wide range of lifetimes
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1 GeV 100 GeV 10000 GeV

Mass Range

Including unconventional signatures

EXO-21-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/index.html
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Including unconventional signatures
1 GeV 100 GeV 10000 GeV

Mass Range

• LLP searches not just limited to the tracker 
⃝ New result from ATLAS takes advantage of calorimeter timing 

and pointing to find and vertex displaced photons

SUSY-2020-28

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-28/
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Including unconventional signatures

• With all this effort, unconventional 
signatures catching up to and in 
some places exceeding conventional 
exclusions

ATL-PHYS-PUB-2023-005

ATLAS LLP 
M. Lutz 

3:30 PM Tues.

CMS Trackless Jets 
L. Benato 

5:30 PM Tues.

CMS LLP 
J. Luo 

5:45 PM Tues.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/
https://indico.cern.ch/event/1218225/contributions/5383794/
https://indico.cern.ch/event/1218225/contributions/5383826/
https://indico.cern.ch/event/1218225/contributions/5383828/
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Overwhelming search program at the LHC!

• Huge search program at both experiments, going strong as we move towards Run 3 data 
• BSM results going strong 
• Huge amount of work on novel triggers for Run 3 BSM searches 

⃝ Stay tuned for next year’s talk!

CMS Publications ATLAS Publications

CMS Results, ATLAS Results

http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/POPublicationMonitoring
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Thank you!


