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THE ENERGY FRONTIER

THE LARGE HADRON COLLIDER
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CMS

THE ENERGY FRONTIER

THE LARGE HADRON COLLIDER

INSTITUTES

>5000 people 
241 institutes 
54 countries 
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INSTITUTES

CMS

THE ENERGY FRONTIER

THE LARGE HADRON COLLIDER

AUTHORS / COUNTRY

FNAL: 

manages operations 
and upgrades 

 
hosts ROC, LPC 

and Tier 1 



WHERE ARE WE NOW?

6Tova Holmes, University of Tennessee

Run 4+Run 1 Run 2 Run 3

LHC HL-LHC

30 fb-1 150 fb-1 220+ fb-1 3000 fb-1

7 TeV 8 TeV
13 TeV 13.6 TeV 14 TeV

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2038

now

only collected 5% of total data 



WHAT HAVE WE LEARNED SO FAR?
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- 1135 papers total 

- Detectors: 40 

- Standard Model: 564 

- Heavy Ions: 117 

- Beyond SM: 414

QUITE A BIT:
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- discovered Higgs primarily through di-photon channel 

- signal strengths in each channel had O(1) uncertainties

9Tova Holmes, University of Tennessee

HIGGS DISCOVERYFROM CMS FROM ATLAS

ATLASCMS

10 YEARS 
AGO

https://arxiv.org/pdf/1207.7214.pdf
https://arxiv.org/pdf/1207.7235.pdf


SOLVED ONE PROBLEM

10Tova Holmes, University of Tennessee

resolved the puzzle of how to 
incorporate the known masses 

of standard model particles   
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our standard model tells us that if 
this is all there is, the Higgs mass 

should be about 15 orders of 
magnitude larger
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our standard model tells us that if 
this is all there is, the Higgs mass 

should be about 15 orders of 
magnitude larger

this on top of the many other 
standard model problems: 

dark matter 

neutrino mass 

matter-antimatter asymmetry 

strong CP problem 

…etc! 

where do we look?



12Tova Holmes, University of Tennessee

IN SEARCH OF NEW PHYSICS
Direct Searches

Supersymmetry

Vector-like Quarks
Dark Matter Searches

https://arxiv.org/abs/2107.10892
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-004/CMS-B2G-19-004_Figure_009.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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IN SEARCH OF NEW PHYSICS
Studying the Higgs

Decays to Long-lived Particles

Decays to Invisible Particles

Couplings to SM particles

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/
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IN SEARCH OF NEW PHYSICS
Precision Measurements

Cross-sections for SM Processes
Top Measurements

Flavor Sector

CP violation 
in B0

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-20-001/index.html
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125 GEV
HIGGS

STANDARD 
MODEL

HOLDING STRONG

Tension is increasing between these 

two observations — hope for discovery 

just out of reach.
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CRACKS STARTING  
TO SHOW

Flavor Anomalies

W Mass Measurement

Muon g-2

Flavor asymmetry in D*

Need EF to directly access 
particles that could cause 

these deviations

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.science.org/doi/10.1126/science.abk1781
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml


WHAT DO WE DO NOW?
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MORE SOPHISTICATED ANALYSIS

The complexity of LHC data necessitates advanced ML strategies 

CMS is at the cutting edge

GNNS FOR MITIGATING PILE-UP

GNNS FOR TRACKING

NNS FOR DATA-DRIVEN 
BACKGROUND ESTIMATION

https://arxiv.org/pdf/2203.15823.pdf
https://arxiv.org/pdf/2103.16701.pdf
https://arxiv.org/abs/2007.14400
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NEW PHASE SPACE

B-PARKING DATASET
DI-MUON SCOUTING DATASET

Conventional trigger strategies keep ~ 0.0025% of events 

cirumventing this constraint ➞ a brand new dataset

https://cds.cern.ch/record/2704495/files/DP2019_043.pdf
https://cms.cern.ch/iCMS/jsp/db_notes/notestable1.jsp?CMSNoteID=DP-2018/055


20Tova Holmes, University of Tennessee

APPLYING ML TO  
UNCONVENTIONAL SIGNATURES

NEW USES FOR EXISTING DETECTORS

NEW PHASE SPACE
NEW TRIGGER STRATEGIES

Uncovered territory in long-lived particles

https://arxiv.org/pdf/1912.12238.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.261804
https://agenda.hep.wisc.edu/event/1391/contributions/6915/attachments/1706/1921/2019-12-08_ml_cms_l1_muon_trigger_v3.pdf
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MORE DATA: THE HL-LHC

1000x fewer HH events than H

expect 50% uncertainty on  
4-sigma evidence for HH production

κλ

https://inspirehep.net/files/844581995482abee4172cdd00140fde8
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EF BIG QUESTIONS 

and much, much more!

AND MUCH, 
MUCH MORE!

Evolution of early universe 
Matter antimatter asymmetry 

Nature of dark matter 
Origin of neutrino mass 

Origin of EW scale 
Origin of flavor 

Exploring the unknown

Huge breadth of physics reach 
 

95% of data left to gather 

answers may lie in that data,  
if we can just figure out how to 

look in the right places



THANK YOU!
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