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https://arxiv.org/pdf/1902.10229.pdf
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https://arxiv.org/pdf/1902.10229.pdf

1325 pages long
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Spotlight



Tri-linear Higgs Couplings
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https://www.nature.com/articles/s41586-022-04899-4
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Yukawa couplings

1st/2nd gen
HHH

1st/2nd gen

Higgsino / Dark Matter
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But there are myriads of talks you can find on 
why HL-LHC is important in great details

And I can’t do justice in 20 minutes
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Spoiler / Disclaimer:

There are lots of opportunites in LHC future

I cover some examples, indicative of my personal preference

I did not cover all owing to lack of time

But largely I am gonna talk about my view…



Where we are now
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Measurement Searches

No crack No excess

No significant deviations from SM
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That means we’re here

experiment 
driven 

discovery
Old SM

SM

theory 
driven 

discovery

fueled

Next?

Bethe-Heitler theory 
was working well

I am waiting for this
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µ

µ

Anderson and Neddermeyer, Phys. Rev. 50, 263 (1936) 

A study of … cosmic ray electron tracks, … has been made with 
the purpose of observing the interaction of these high energy 

particles with atomic nuclei and their external electrons.

Lead
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We are in an experimental driven discovery era

S. Gori

The Future of High Energy Physics: 
A New Generation, A New Vision



How do we proceed?

14

Chang
Florida

S / √B



How do we proceed?

14

Chang
Florida

S / √B

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

S / √B

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

S / √B 1 / √B

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

S / √B 1 / √B

non-zero preferred 
but not required

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

Focus on unexplored phase-space

S / √B 1 / √B

non-zero preferred 
but not required

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

Focus on unexplored phase-space
Test null-hypothesis (i.e. SM)

S / √B 1 / √B

non-zero preferred 
but not required

Need not be 
theory driven

SSSSS



How do we proceed?

14

Chang
Florida

Focus on unexplored phase-space
Test null-hypothesis (i.e. SM)

Surprises do happen!

S / √B 1 / √B

non-zero preferred 
but not required

Need not be 
theory driven

SSSSS
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6 evt. excess~8 evt. excess
= 4.8σ3.5σ 3.2σ+

3000 fb⁻¹ / 137 fb⁻¹ = 20 times more data coming
(future) (today)

Today, we’d have seen < 0.5 event in each expt.
(e.g. 1 fb * 10% (BR) * 3% (acc.) * 137 fb⁻¹ = 0.4 events)



Phase-space
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1. Energy of the final state particle
2. Multiplicites
3. Angular correlation (e.g. mass, substr.)
4. Lifetime

“How do we make sure we don’t 
leave things on the table?”
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“750 GeV”

CMS-PAS-EXO-22-024
Yesterday

Same story for W’ / Z’ and various resonance searches
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WZZ→5 lepton events

5 electrons
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We expected ~1 event like this out of 15,000,000,000,000,000 collisions

WZZ→5 lepton events

5 electrons



High multiplicities
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µ

µ

µ
µ e

e

This event was also ~1 event expected

ZH→6 lepton events
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Expected to reach 3σ in 3000 fb⁻¹ → But we did it with 137 fb⁻¹ 



High multiplicity case study

24

Chang
Florida

Expected to reach 3σ in 3000 fb⁻¹ → But we did it with 137 fb⁻¹ 

arXiv:1902.10229
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t
t

t
t

arXiv:1902.10229

Jannicke’s talk



Many more multi-t,W,Z,H
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O(1fb)

V

V
q

q

H

q

q

O(1fb) These phase-space would be 
possible to study



Pushing multiplicites even further
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soft unclustered energy pattern (SUEP)



Pushing multiplicites even further
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Pushing lifetime

29

Chang
Florida

displaced di-jet

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html
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Many jets
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Many jets
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2 events

It did not use mass because too 
little evt. but in HL-LHC you could
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Observations of N same-charged lepton events (𝓵±𝓵±𝓵±,𝓵±𝓵±𝓵±𝓵±,…) ?
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40 MHz

100 kHz

1 kHz

Analysis
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40 MHz

100 kHz

1 kHz

Analysis

40,000x events lost
we don’t get to analyze 

them in details



Go down deeper into the weeds
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Anomaly detection
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Anomaly Detection with with 
Unsupervised Machine Learning 

3 / 2 4 / 2 4 J A N N I C K E  P E A R K E S 2 6

Images adapted from: A. Kahn & J. Aliga

Mostly SM training data

Rare BSM snowboarder

Common SM skier

Anomaly Detection ATLAS: Phys. Rev. D 108 (2023) 052009
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X selected based on anomaly score from VRNN, or two-pronged MVA scores 

Higgs selected based on 
boosted Hbb tagger score

Anomaly Detection ATLAS: Phys. Rev. Lett. 132 (2024) 081801
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• Lepton triggered events 
• Rapidity mass matrix used as input to autoencoder
• Highest local significances of 2.8σ and 2.9σ found 

for "!" = 1.2 and 4.8 TeV 

Anomaly Detection CMS-PAS-EXO-23-026
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• Unsupervised (VAE-QR)
• Weakly supervised (CWoLa Hunting, TNT, CATHODE)
• Semi-supervised - multi-signal priors (QUAK) 

• Anomaly detection improves sensitivity of standard 
methods up to ~3-7x 

?

?

A

p

p

Jet

Jet

…

…

B 

C

See Jannicke’s slides
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Measurement Searches

No crack No excess
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X particle
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Inaccessible via LHC
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Effective Field Theory

LEFT = LSM + ci
Λ2Σ Oi,dim6 + …

Global combination to 
interpret comprehensively for 

possible new physics
(Including all sectors)



Interpretation
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Top quark

Higgs 
Boson

W, Z, ɣ



Remarkable collaborations
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1270 CMS
1278 ATLAS 

Diverse particle physics topics being covered by general 
purpose detector experiments



Summary
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We are in an experimental driven discovery era

Many phase-space boundaries are still being 
pushed and we are expanding frontiers


