
Standard Model Scandal: 
The Higgs boson is boring? 
Miracle cure leaves researchers wanting more.  
CERN researchers continue their search for new 
physics while prominent theorists cite need for 
beyond Standard Model phenomenology. 
“Where’s the beef?,” asks John Ellis, “There has 
got to be more to this puzzle.”  
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In the LHC News: 
New paths to new physics & WAY more data ahead

Desperately 
Seeking Symmetry:
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But is it a Higgs boson??
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A Simplifying Illustration



Fast forward to today
Higgs Couplings:  2013 vs 2022 5
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Get your t-shirt!
The Standard Model Succeeds Survives
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An exposition of precision
Muon Anomalous Magnetic Moment

aμ =
g − 2

2
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Dark Matter

Dark Energy

SM

Puzzles in the Standard Model

Neutrinos??
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Getting loopy?
Higgs Mass Radiative Corrections
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Getting loopy?
The Higgs Vacuum

V (�) = µ2�†�+ �(�†�)2

Higgs boson mass

Vacuum stability
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Getting loopy?
The Higgs Vacuum
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Getting loopy?
The Higgs Vacuum
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Getting loopy?
The Higgs Vacuum
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Getting loopy?
The Higgs Vacuum
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Is this the truth or just a convenient description?
The Language of the Standard Model



Was it a right or a left turn at Lambda QCD??
A historical perspective 16

Atom Land: 
A Guided Tour Through the 

Strange (and Impossibly 
Small) World of Particle 

Physics 

By Jon Butterworth 
UC London 

ISBN: 978-1615193738
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A historic guide to discovery
Mass Resonances

R =
�(e+e� ! qq̄)

�(e+e� ! µ+µ�)

2⨉ Mbottom2⨉ Mcharm



Sam Ting: 1936 -

18

November 1974: Discovery of the Charmed Quark
The November Revolution

Burt Richter: 1931-2018
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Charm is a game-changer!
Emerging Landscape
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Structure as a guide to the underlying theory. 
“New” phenomena?



21

Particle colliders as engines of discovery
The Livingston Line
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Large Hadron Collider 
(2009 - Present) 

proton - proton &  
heavy-ion collisions 

collision energy: 
7-14 TeV
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Where the magic happens.
The ATLAS Detector
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Where the magic happens.
The ATLAS Detector
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Where the magic happens.
The ATLAS Detector
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Upgrades to the ATLAS triggering 
capabilities & Jet Identification 

•Phase-1: 2019-2022 

•HL-LHC: 2026-2028Enhancements to search potential 
via targeted model tests 

•Models with Heavy Resonances 

•Combined searches

28

Guide to enhancing discovery potential
A Roadmap

Programmatic foundation of searches 
for new physics at ATLAS 

•Searches for heavy resonances



29

No, really, where is it?
So where's the new physics hiding?

Particle Fever (2013) 
https://www.imdb.com/title/tt1385956/
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A window to new physics
Very Massive Resonances
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A window to new physics
Heavy Resonances



A “Simple” Relationship 32

Number of events 
expected to be 

observed

Nsignal = L⇥ ✏sig ⇥ �sig
<latexit sha1_base64="ZOZrmgWSUGcYYCMazkO+ex2tBzk="></latexit>

Luminosity: 
How much data 
you’ve collected.

Acceptance: 
How many events pass 

your selection criteria out 
of the total produced?

Cross Section: 
QM probability to 

create this state.  Set 
by QM, not optimizable 

for a given state.
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Positives: 
✓ Provides additional degrees of 
freedom in the Higgs sector 
• 5 Higgs bosons! 
• A, H, h, H  

✓ Potential to ease naturalness 
problem 
✓ Potentially allows flavor-
changing neutral currents

±

Negatives: 
๏ Complicates Higgs boson 
physics 
๏ Additional resonances haven’t 
been found yet 
๏ Likely doesn’t explain some 
anomalies seen thus far 

b
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Example: Two-Higgs Doublet Models



36Di-Boson Resonances



37Di-Boson Resonances
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Sometimes hiding, sometimes in clear view.
The Devil in the Details



39Upper limits on pseudo-scalar production
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Far too much for today, but…
There’s lots more!
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Guide to enhancing discovery potential
A Roadmap

Upgrades to the ATLAS triggering 
capabilities & Jet Identification 

•Phase-1: 2019-2022 

•HL-LHC: 2026-2028Enhancements to search potential 
via targeted model tests 

•Models with Heavy Resonances 

•Combined searches

Programmatic foundation of searches 
for new physics at ATLAS 

•Searches for heavy vector resonances



Finding new physics in increasingly-rare places
What would new physics look like? 42

Facts: 
1)  We’ve looked in a lot of places, but not everywhere. 
2)  We haven’t observed anything “obvious” just yet.

Inferences: 
1)  New physics couplings may be “too weak” to see yet. 
2)  Smaller excesses may already be hiding in our data. 
3) We have to be willing to look in very rare corners.

? ? ?



Model-driven probe for new physics
What would new physics look like? 43

“Heavy Vector Triplet” Model

Facts: 
1)  We’ve looked in a lot of places, but not everywhere. 
2)  We haven’t observed anything “obvious” just yet.

Inferences: 
1)  New physics couplings may be “too weak” to see yet. 
2)  Smaller excesses may already be hiding in our data. 
3) We have to be willing to look in very rare corners.
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Far too much for today, but…
There’s lots more!
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45A reminder…
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Model-driven probe for new physics
Build & Test a Model 46



A model with W’ and Z’ bosons
Heavy Vector Triplet Example 47

JHEP 07 (2018) 089
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Guide to enhancing discovery potential
A Roadmap

Upgrades to the ATLAS triggering 
capabilities & Jet Identification 

•Phase-1: 2019-2022 

•HL-LHC: 2026-2028Enhancements to search potential 
via targeted model tests 

•Models with Heavy Resonances 

•Combined searches

Programmatic foundation of searches 
for new physics at ATLAS 

•Searches for heavy vector resonances
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We are here!



Triggering 101

40 MHz proton collision rate 

Data from 150 million channels 
encoded in 1.5 MB per event 

=    55 TB/sec

x

Filtering down to the data we want to keep
Triggering in a Nutshell 50

Reject 99.9975% of collisions 
in custom hardware

    1500 MB/sec mass storage rate 

          1000 Hz event rate storage



H H

H

M2
H

= M2
tree + ( ) + ( ) + ( ) + ( )H Ht

t W,Z

H H
H BSM�M2 / a

16⇡2
g2⇤2

51

Ideally not top quarks
What gets dropped?
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Lemonade from lemons
Purifying our top samples 52
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Where the magic happens.
The ATLAS Detector
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Lemonade from lemons
Purifying our top samples



55Increased Luminosity = Messier Events



Focusing on the calorimeter for now
ATLAS Phase-1 Upgrade 56

10x increase in image resolution 
1,700 Towers → 17,000 Super-Cells



Super-cells!
Level-1 Calorimeter Trigger 57

Level-1 Calorimeter Trigger electronics. 
Being installed & commissioned NOW.
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Staged upgrades during operations pauses
LHC Upgrade Program 59

Mean pile-up interactions = 23 Mean pile-up interactions = 220



process ALL the data!
One more degree of complexity 60

Calorimeter Trigger System < 2019 
1,700 Trigger Towers 

Calo Trigger 2022-2025 
17,000 Super-Cells 

Process the entire calorimeter every 25 ns!

Calo Trigger 2028-2040+ 
198,000 Cells



Bootstrapping modern telecom
5G to the rescue! 61

Samtec Firefly 
• 28 Gbps opto-electrical modules 
• Package allows up to 265 Gbps/in2

Xilinx Versal Series FPGA 
• 168 MGTs (32.8 Gbps+)  
• Integrated dual-core ARM (A72+R5F)



Bootstrapping modern telecom
ATLAS Global Trigger 62

HL-LHC Global Trigger hardware prototypes 
Ongoing area of R&D
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20+ times 
more data 

to come



The  unfinished  road to  potential  discovery.  The road to discovery.
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The ones that get the work done.
(Most of)  The MSU Team


