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when 
I’m 
done:

whole-field planning in particle 
physics 

the untenable nature of the 
“Standard Model” 

how the Higgs Boson informs 
the next steps in collider physics



it takes a village to plan in HEP



Two vehicles:

“Snowmass” 

organized by DPF 

two comprehensive studies in 
2001 and 2013 and…now, two 
more. different. 

“P5” 

Particle Physics Project              
Prioritization Panel  

sub-panel of HEPAP



Two vehicles:

“Snowmass” 

organized by DPF 

two comprehensive studies in 
2001 and 2013 and…now, two 
more. different. 

“P5” 

Particle Physics Project              
Prioritization Panel  

sub-panel of HEPAP



not a great history

The 2008 P5 recommendations – 
Three Frontiers…“the circles”  

In the US we bickered and didn’t 
own the process and hence, the 
results

OH, GREAT WISE 
ASS, IN 2008 WHAT 

SHOULD THE FUTURE OF 
PARTICLE PHYSICS BE 

BE?

NOT EVERYONE 
OWNED THAT

apologies to Pearls Before Swine by Stephan Pastis

29 May 2008



By 2011 it was time for another P5. 
It had to be different. 

…more like Nuclear Physics.

COMMUNITY/SNOWMASS

P5

HEPAP:



Snowmass → P5  after LHC’s first run

DPF started organizing 

in 2011energy

intensity cosmic

Our primary theme.



energy

intensity cosmic

Our primary themes.

outreach

instr.

energy

facilities

computing

intensity

cosmicFrontier

Frontier
Frontier

Frontier

Frontier Frontier

Frontier“capabilities”

This was the Snowmass organizational reality:



intensity cosmic

My job:

energy 




We worked together & apart:
“Snowmass”*: 2013 
        P5: October 2014
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* There’s a story there.





First, European Strategy for 
Particle Physics 

Then, US Snowmass Study 

Then, US Snowmass Study2 

Finally, HEPAP P5 Study 

Next European Strategy: 
spring 2025-spring 2026 

P5 start

P5 end

let’s do it again, 
“updates”

2021 2022 2023

SM21 scheduled start

SM21 scheduled end

“WORK”

7/17-7/26

SM21 actual start

SM21 actual end

MAY

European Strategy for 
Particle Physics end
6/2020

2024

ESG call 
just came 
out



Higgs discovery

The LHC running is just 
beginning

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 20252014201320122011

Run I
8 TeV

0.75 1034 cm-2s-1

Run II
13TeV

1.5 1034 cm-2s-1

20 fb-1 ~190 fb-1

“phase 1 upgrades”“phase 0 upgrades”

Run III
13.6 TeV

1.7-2.2 1034 cm-2s-1

goal: 450 fb-1

we are here

currently peak luminosity >2 x design

Snowmass13 & P5 Snowmass21 & P5



We worked together & apart…and again:
“Snowmass” 2021 
        P5: December 1, 2023
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energy

Frontier

cosmic

Frontier

neutrino

Frontier

community 


Frontier

underground 


Frontier

instrumentatoin

Frontier

computing

Frontier

2021 Snowmass organizational reality:

rare 


Frontier

theory

Frontier

accelerator

Frontier

Our primary physics 
themes evolved.

energy

neutrino cosmic

rare 


energy

intensity cosmic

2013 primary themes.



2023 “Science Drivers”: 

• Elucidate the Mysteries of Neutrinos 

• Reveal the Secrets of the Higgs Boson 

• Determine the Nature of Dark Matter 

• Understand What Drives Cosmic Evolution 

• Search for Direct Evidence of New Particles 

• Pursue Quantum Imprints of New 
Phenomena 



Energy 
Frontier

Neutrino 
Frontier

Cosmic 
Frontier

Rare 
Processes
Frontier

Neutrinos ✔ ✔ ✔ ✔

Higgs Boson ✔ ✔ ✔

Dark Matter ✔ ✔

Cosmic 
Evolution ✔ ✔ ✔ ✔

New Particles ✔ ✔ ✔ ✔

New 
Phenomena ✔ ✔ ✔ ✔

Frontiers

Sc
ie

nc
e 

D
ri

ve
rs

its own driver?

✔



particle  physics



particle  physics

Higgs

HIGGSHIGGS



Why the Standard Model victory laps? 



between 1967 - 2012

history was made

1967 2012



between 1967 - 2012

1967 2012



30,000 ft View of the Standard Model



Key: modern colliders
Fermilab 
Tevatron, 1983-2011 
CDF & DO 
p - p

CERN 
LHC, 2010-present 
ATLAS, CMS, LHCb 
p - p

SLAC 
SLC, 1989-1998 
SLD 
e - e

CERN 
LEP, 1989-2000 
ALEPH, DELPHI, L3, OPAL 
e - e

CERN 
SPS, 1981-1990 
UA1 & UA2 
p - p

A theme? hadron collider…followed by precision lepton collider ?

DESY 
HERA, 1992-2007 
ZEUS & H1 
e - p



Standard 
Model



guided research

Higgs



Because: 3 SM predictions

The weak and electromagnetic interactions 
originate in the same theory 

3 spin 1 vector bosons should exist: γ, W ± , Z0  

A spin-0 field and particle should exist





1/3 SM predictions

The weak and electromagnetic interactions 
originate in the same theory 

3 spin 1 vector bosons should exist: γ, W ± , Z0  

A spin-0 field and particle should exist
γ exchange

W exchange



2/3 SM predictions

The weak and electromagnetic interactions 
originate in the same theory 

3 spin 1 vector bosons should exist: γ, W ± , Z0  

A spin-0 field and particle should exist

Z mass = 91.1876 ± 0.0021 GeV/c2 1/2 W mass of 80.385 ± 0.015 GeV/c2



3/3 SM predictions

The weak and electromagnetic interactions 
originate in the same theory 

3 spin 1 vector bosons should exist: γ, W±, Z0 

A spin-0 field and particle should exist 

and so began a story



4th of July, 2012

1929-2024



the 2012 
discovery

completed the story  

unrelenting 40 year effort.

Standard 
Model



TA
ND

AR
D

S
MODEL

THEORIESTHEORIES



We’re schizophrenic about the Standard Model



Like the 
nursery rhyme

when the SM is good, 

 it’s very good

when it’s bad 

it’s very...confusing



E&M



Maxwell’s 
Theory

Hertzian 
waves

Zeeman & 
Lorentz

electron 
discovered

power, motors, 
telegraph, radio, 
Planck, Einstein

1860 1880 1900 1920 1940

2 
decades 

pass

2 more 
decades 

pass

yet 2 more 
decades 

pass



Abraham-Lorentz 
self-energy crisis

1860 1880 1900 1920 1940

Maxwell’s 
Theory

Hertzian 
waves

Zeeman & 
Lorentz

electron 
discovered

power, motors, 
telegraph, radio, 
Planck, Einstein

2 
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pass

2 more 
decades 

pass

yet 2 more 
decades 

pass



Abraham-Lorentz 
self-energy crisis

1860 1880 1900 1920 1940

Maxwell’s 
Theory

Hertzian 
waves

Zeeman & 
Lorentz

electron 
discovered

power, motors, 
telegraph, radio, 
Planck, Einstein

} weird state 
of affairs 

success 
& 
catastrophe

2 
decades 

pass

2 more 
decades 

pass

yet 2 more 
decades 

pass



Abraham-Lorentz 
self-energy crisis

Dirac Equation

Anderson 
discovery

1860 1880 1900 1920 1940

Maxwell’s 
Theory

Hertzian 
waves

Zeeman & 
Lorentz

electron 
discovered

power, motors, 
telegraph, radio, 
Planck, Einstein

2 
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yet 2 more 
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Abraham-Lorentz 
self-energy crisis

Dirac Equation

Anderson 
discovery

1860 1880 1900 1920 1940

Maxwell’s 
Theory

Hertzian 
waves

Zeeman & 
Lorentz

electron 
discovered

power, motors, 
telegraph, radio, 
Planck, Einstein

2 
decades 

pass

2 more 
decades 

pass

yet 2 more 
decades 

pass

Shelter 
Island

Lamb Shift



Standard 
Model



Weinberg/
Salam

W/Z

Higgs Boson 
phenomenology

SM amazing

1960 1980 2000 2020 2040

1.5 decades 
pass

2.5 more 
decades pass

Brout, Englert, Guralnik, 
Hagen, Higgs, Kibble

Anderson



W/Z

Higgs Boson 
phenomenology

Higgs Boson 
DiscoverySM amazing

1960 1980 2000 2020 2040

1.5 decades 
pass

2.5 more 
decades pass

Weinberg/
Salam

Brout, Englert, Guralnik, 
Hagen, Higgs, Kibble

Anderson



W/Z

Higgs Boson self 
energy crisis

Higgs Boson 
phenomenology

Higgs Boson 
DiscoverySM amazing

1960 1980 2000 2020 2040

}
weird state of 
affairs 

success 
& 
catastrophe

1.5 decades 
pass

2.5 more 
decades pass

Weinberg/
Salam

Brout, Englert, Guralnik, 
Hagen, Higgs, Kibble

Anderson



W/Z

Higgs Boson self 
energy crisis

Higgs Boson 
phenomenology

Higgs Boson 
DiscoverySM amazing

1960 1980 2000 2020 2040

}
weird state of 
affairs 

success 
& 
catastrophe

1.5 decades 
pass

2.5 more 
decades pass

still working towards 

our Shelter Isla
nd – 

Lamb Shift moment

Weinberg/
Salam

Brout, Englert, Guralnik, 
Hagen, Higgs, Kibble

Anderson

http://en.wikipedia.org/wiki/Robert_Brout
http://en.wikipedia.org/wiki/Fran%C3%A7ois_Englert
http://en.wikipedia.org/wiki/Gerald_Guralnik
http://en.wikipedia.org/wiki/C._R._Hagen
http://en.wikipedia.org/wiki/Peter_Higgs
http://en.wikipedia.org/wiki/Tom_W._B._Kibble


The Standard 
Model 
ingredients:

The Gauge Principle 

circa 1918, 1954 

demand of a symmetry

Spontaneous 
Symmetry Breaking 

circa 1950, 1964 

effective theory of 
phase transitions



particle physics 
periodic table?



particle stamp collecting

the players:

u 
up

s 
strange

t 
top

d 
down

c 
charm

b 
bottom

νe 
electron 
neutrino

νμ 
muon 

neutrino

ντ 
tau 

neutrino

e 
electron

μ 
muon

τ 
tau

qu
ar

ks
le

pt
on

s

( (
( (

+
2

3
e

�1

3
e

0e

�e

the messenger fields

Z 
Z boson

weak

W 
W boson

γ 
gamma

E&M

g 
gluon

strong

& their interactions

spin 1/2 spin 1

H 
Higgs

um…the Higgs Force?



1st generation 2nd generation 3rd generation messengers
103

102

101

1
10-1

10-2

10-3

10-4

10-10

10-11

10-12

u 
d

c 
s

e

μ
τ

νe
νμ

ντ

b

t

protonp

0

W Z

γ g

masses are insulting

electroweak scale of 246 GeV



what’s great 

1. the Gauge Principle

about the Standard Model?

Standard 
Model

H
How the 
W got its 
massH

eW



Gauge Principle

Extremely powerful and pretty. 

Q: generator of a group, with “charge” q 

θ a parameter 

Demand Invariance…

U(Q) = eiQ✓}

 (x) ! eiQ✓ (x)  (x) ! eiQ✓(x) (x)

LocalGlobal



Invariance of the Local sort demands 

the existence of a massless spin-1 field,   

and prescribes coupling:

it’s a kind of magic*

 (x) : qAµ(x) ̄(x)�µ (x)

Aµ(x)

The demand of a symmetry forces the photon to exist!

* Ask me afterwards for my tried-and-true baseball analogy for the Gauge Principle



Gauge Principle piece:

“Unfolds” rather neatly

W±, Z0, �

W±, Z0, �

W±, Z0, �
W±, Z0, �

e, ⌫e, µ, ⌫µ, ⌧, ⌫⌧ ,

u, d, c, s, t, b}

L =� 1

4
Fµ⌫F

µ⌫

+ i ̄D/ 

fi f j

f f 

+    | D µ ( H ) | 2  – V ( H ) 
 

g i fi fj H +  h . c.

+  h . c.



that’s really great 

the Gauge Principle:

this Standard Model

The most accurate and precise scientific 
model in history 

Standard 
Model



standard |ˈstandərd| 
noun 

1 a level of quality or attainment

model |ˈmädl| 
noun 

2 ...a simplified description, esp. a 
mathematical one, of a system or process, 
to assist calculations and predictions

“Standard Model”



what’s embarrassing 

about the Standard Model?

Standard 
Model

it’s not a dynamical theory



SM as an effective theory

I can draw free-body diagrams 
and make a SM of walking



I can draw free-body diagrams 
and make a SM of walking

But it’s not the actual 
physiology of walking!

SM is an effective theory



what’s confusing 

SSB is the story of the Higgs Boson
Standard 

Model

2. Spontaneous Symmetry Breaking

about the Standard Model?



How? a meaningless operation?



F

M

SSB is like a magnet

L = blah blah blah + (T � TC)⇥ blah + blah blah blah



the Ginsburg-Landau 

effective theory 

originally of 
superconductivity

Lev Landau 1908 - 1968Vitaly Ginzburg 1916 - 2009



in the SM
We live in the broken 
symmetry world 

& trying to discover how

?
F

H



a Universal 
phase 
transition?

@ picosecond after 
the BB

hot universe vacuum	
empty

cold universe vacuum	
full of the Higgs Field

E (entire universe)

higgs field

pay attention to this parameter

<latexit sha1_base64="aCfTaaGBp6Aw0NxOJtbYIdVh+Ac="></latexit>
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 v = 246 GeV…it’s on.
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B0

B+
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φ (
(

)
)φ*

0

0

+

-

+
0

-
0

γ

Z

W±

H0

t = 10-12 s t = 10+18st = the beginning 0 s

The remaining primordial scalar 
is the Higgs Field.



The Standard 
Model 
ingredients:

The Gauge Principle 

circa 1918, 1954 

demand of a symmetry

Spontaneous 
Symmetry Breaking 

circa 1950, 1964 

effective theory of 
phase transitions

Higgs   Kibble     Guralnik   Hagen   Englert  Brout

Weinberg        Salam        Glashow

Anderson



what’s exciting 

Standard 
Model

its historical significance & Higgs Field

about the Standard Model?

How the 
Electron 
got its 
mass

H
e

H
How the 
W got its 
massH

eW



1700 1800 1850 18751600

electricity

magnetism

electromagnetism

Newtonian gravity

Copernicus/Kepler 
astronomy

Galilean mechanics



electromagnetism

1900 1925 1950 1975 2000

relativity

quantum mechanics

weak force

strong force

General Relativity

electroweak

QED

Standard Model



The job of the Higgs Field is special.



field generates mass
of the charged fermions

a light particle...

a heavy particle...







mass* was born  

in the Higgs FieldH

*charged fermions and W/Z!



what’s challenging 

Standard 
Model

all things Higgs

about the Standard Model?

Standard 
Model



 0+ Higgs Boson is not your father’s particle!



Higgs Field piece:

“Unfolds” rather neatly
fi f j

f f 

+    | D µ ( H ) | 2  – V ( H ) 
 

g i fi fj H +  h . c.

+  h . c.

e, ⌫e, µ, ⌫µ, ⌧, ⌫⌧ ,

u, d, c, s, t, b}H
0

H
0

H
0 H

0

H
0

H
0 W±, Z0

/ mass

H
0

H
0W±, Z0

H
0

H
0

H
0

W±, Z0, �

W±, Z0, �

W±, Z0, �
W±, Z0, �

e, ⌫e, µ, ⌫µ, ⌧, ⌫⌧ ,

u, d, c, s, t, b}

L =� 1

4
Fµ⌫F

µ⌫

+ i ̄D/ 



Let’s talk about the Higgs Boson.



What happened 
in July, 2012?



the Object Itself?



the Object Itself? is... hazy



Higgs particle strange.



quantum numbers 
of the vacuum



How many things are only one thing?



Families.

FAMILIES

✓
u
d

◆ ✓
c
s

◆ ✓
t
b

◆

✓
⌫e
e

◆ ✓
⌫µ
µ

◆ ✓
⌫⌧
⌧

◆

W±, Z0, �, g



an elementary singlet



or part of a doublet



an elementary singleton?



Much confusion centers on

the “Higgs” Potential.  

Our future mission: to unpack it.

vacuum 
energy

Higgs 
mass

fermion 
couplings

Higgs 
potential 

shape
Higgs potential 

shape
Higgs potential 

shape



	 loops



the Feynman rules:

p – k

k
p

in relativistic 
quantum field 

theory



not mysticism

Quantum “Loops” are at the core of our language 

traditionally highly predictive 

highly accurate



not mysticism

Quantum “Loops” are at the core of our language 

traditionally highly predictive 

highly accurate

EW fits: top quark



not mysticism

Quantum “Loops” are at the core of our language 

traditionally highly predictive 

highly accurate

EW fits: Higgs bosonEW fits: top quark



How about a spin 0, elementary 
particle? 



First-ever spin 0 elementary particle.

M2
H

= M2
tree+ �M2



3 kinds of loops

0

M2
physical

( ) ( ) )(
H

H H H H H H

t W,Z

+ +M2
H

= M2
tree+

t

MH ~ 125 GeV/c2



Top loop is big and negative

m2
t

M2
physical

M2
W,Z

M2
H

( ) ( ) )(
H

H H H H H H

t W,Z

+ +M2
H

= M2
tree+

t

MH ~ 125 GeV/c2

0



Requiring a large, opposing tree value

M2
tree

M2
physical

m2
t

M2
W,Z

M2
H

( ) ( ) )(
H

H H H H H H

t W,Z

+ +M2
H

= M2
tree+

t

MH ~ 125 GeV/c2

0



An enormous fine-tuning

m2
t

{un-fine 
tuning?

MH ~ 125 GeV/c2

M2
tree

M2
W,Z

M2
H

M2
physical

( ) ( ) )(
H

H H H H H H

t W,Z

+ +M2
H

= M2
tree+

t

0

“hierarchy 
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if next scale is the Planck Scale?

                 (nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, n60,000)

  – (nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, n44,375)
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“coincidence”?

There’s no coincidence in science.



To: 2024 
From: Nature

Hints?
Top and Higgs 
making trouble 



Perhaps a huge hint?

of something “BSM”? 

no shortage of ideas

m2
t

MH ~ 125 GeV/c2

M2
tree

M2
W,Z

M2
H

M2
physical

( ) ( ) )(
H

H H H H H H

t W,Z

+ +M2
H

= M2
tree+

t
BSM( (

+

0



Perhaps a huge hint?

of something “BSM”? 

no shortage of ideas
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looking for new physics at the ~1 TeV scale

at just about 1-ish TeV…would fix it.

“natural”



	 	 	 	 	 	 	 	 	 	 	
	 	 ?

Broadly speaking, categories of new stuff: 

Supersymmetric theories – 	 	 	  	 a Bose-like stop 

	 Little Higgs-like theories – 	 	 	 	 a Vector-top 

	 Composite Higgs – 	 	 	 	 	 	 	 a Cooper Pair-like H 

	 Extra dimensional theories 

new stuff



	 	 	 	 	 	 	 	 	 	 	
	 	 ?

Broadly speaking, categories of new stuff: 

Supersymmetric theories – 	 	 	 	 a Bose-like stop 

	 Little Higgs-like theories – 	 	 	 	 a Vector-like top 

	 Composite Higgs – 	 	 	 	 	 	 	 a Cooper Pair-like H 

	 Extra dimensional theories 

new stuff

or we tend to default to ideas like: 
the multiverse or...                     

anthropomorphism





	 doom?



Another 
consequence of a 
spin 0 fundamental 
particle.

arXiv:1307.3536

Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia 

The shape of the 
vacuum potential could 
change…and the 
bottom could fall out.

0.12

0.14 To: 2024 
From: 
Nature

Hints?
Top and Higgs 
making trouble



The Standard Model is just weird.



These are: the best of times
and the best of times!

Standard 
Model

Standard 
Model

Standard 
Model

To: 2024 
From: Nature

Many 
Hints!

Standard 
Model

Standard 
Model



the 2021 Snowmass “Energy Frontier”

Meenakshi Narain*                  Laura Reina Alessandro Tricoli

* (RIP)



2021 EF working groups

EF01: The Higgs Boson 
Sally Dawson (BNL), Caterina Vernieri (SLAC) 

EF02: EW Physics: Higgs Boson as a portal to new physics 
Patrick Meade (Stony Brook), Isobel Ojalvo (Princeton) 

EF03: EW Physics: Heavy flavor and top quark physics 
Reinhard Schwienhorst (MSU), Doreen Wackeroth (Buffalo) 

EF04: EW Physics: EW Precision Physics and constraining new physics 
Alberto Belloni (Maryland), Ayres Freitas (Pittsburgh), Junping Tian (Tokyo) 

EF05: QCD and strong interactions:Precision QCD	  
Michael Begel (BNL), Stefan Hoeche (FNAL), Michael Schmitt (Northwestern) 

EF06: QCD and strong interactions:Hadronic structure and forward QCD 
Huey-Wen Lin (MSU), Pavel Nadolsky (SMU), Christophe Royon (Kansas) 

EF07: QCD and strong interactions: Heavy Ions 
Yen-Jie Lee (MIT), Swagato Mukherjee (BNL) 

EF08: BSM: Model specific explorations 

Jim Hirschauer (FNAL), Elliot Lipeles (UPenn), Nausheen Shah (Wayne State) 

EF09: BSM: More general explorations 

Tulika Bose (U Wisconsin-Madison), Zhen Liu (Maryland), Simone Griso (LBL) 

EF10: BSM: Dark Matter at colliders 
Caterina Doglioni (Lund), LianTao Wang (Chicago), Antonio Boveia (Ohio State)

FOCUS ON LHC RUN 3                          
+ “HIGH-LUMINOSITY-LHC” HL-LHC

http://www.snowmass2013.org/tiki-index.php?page=WIMP+Dark+Matter+Direct+Detection


A three-pronged 
research program 

still relevant: Measure properties of the 
Higgs boson. 

Measure properties of the: 
t, W, and Z 

Search for TeV-scale 
particles

Mass, CP, and 
especially 
couplings



A three-pronged 
research program 

still relevant: Measure properties of the 
Higgs boson. 

Measure properties of the: 
t, W, and Z 

Search for TeV-scale 
particles

They talk to 
the Higgs Field



A three-pronged 
research 
program: Measure properties of the 

Higgs boson. 

Measure properties of the: 
t, W, and Z 

Search for multi-TeV-scale 
particlesm2

t

M2
physical

M2
W,Z

M2
H

0

Inspired by 
the hierarchy 
problem



let’s           the future:



The Higgs Boson



is it alone? 



is it alone? 

a part of a family?



is it alone? 

a part of a family?

different in tiny details?



is it alone? 

a part of a family?

different in tiny details?
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ATLAS

Golden Channel
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mHpCMSq “125.08 ˘ 0.10pstatq ˘ 0.05psystq GeV

mHpATLASq “125.11 ˘ 0.09pstatq ˘ 0.06psystq GeV
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	 couplings



couplings

Higgs discovery spawned an industry 

precision fitting

V (fermions) = gif̄LifRiH

L /
fermionsiX

i

(i)gififiH



a campaign

Measure the couplings of Higgs… to everything

SMSM



how well?

SMSM

Beyond the Standard Model Predictions @ 1TeV:

Benchmark for 
discovery is few % 

to sub-%



The couplings:

sort of 5% 



Extrapolating to future machines

Body Level One 

Body Level Two 

Body Level Three 

• Body Level Four 

• Body Level Five

ESG prediction - 2019
snowmass 21 0.5-5%

  Z

Snowmass 13 versus ESG 19 versus Snowmass 21



    

      

                  g        

by facility
b

� t(“direct”)

     W

0.5-5%

ESG prediction - 2019
ESG prediction - 2019

ESG prediction - 2019

ESG prediction - 2019

1

snowmass 21
snowmass 21

snowmass 21
snowmass 21

0.5-5%



Precision Study of Electroweak Physics



Electroweak Precision Observables

Correlating the Spin 1 messengers, leptons, 
quarks, and the Higgs boson

M(H)1 M(H)2 M(H)3 M(H)4

To: 2024 
From: NatureA Hint?

Systematics goal of MW = ± 5 MeV/c2

80433 ±  9



then this happened:

Last spring

Last year• 80433.5 ± 9.4 MeV 

• 80375 ± 23 MeV 

• 80370 ± 19 MeV 

• 80354 ± 32 MeV 

• 80360 ±16 MeV

80475 ± 80.0 MeV



Electroweak Precision Observables

Correlating the Spin 1 messengers, leptons, 
quarks, and the Higgs boson

M(H)1 M(H)2 M(H)3 M(H)4

To: 2024 
From: NatureA Hint?

Systematics goal of MW = ± 5 MeV/c2

CDF 2022: 80.433 ± 9 GeV



Fully Understanding the Top Quark



F

H

Remember this? 

and this? 

quantum corrections can 
lead to a new vacuum

To: 2024 
From: Nature

Hints?
Top and Higgs 
making trouble 



why measure mt precisely?

EW precision observables

keep up with MW precision

fundamental parameter

largest coupling to Higgs

�↵S�mt

�↵S

Systematics goal of mtop = ± 500 MeV/c2

But it’s a part of the 
potential problem

To: 2024 
From: Nature

Hints?
Top and Higgs 
making trouble 

Our vacuum metastable?

2406.05180



Ytterbium in a single package



OBTW…that potential shape?



from higgs-higgs self-coupling
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modified HIggs structure

PHYSICAL REVIEW D 101, 075023 (2020)

vacuum strability



chasing 
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q
<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q
<latexit sha1_base64="2bAXV9xq1CWEeBdbUP2m8l+TwBM=">AAACCXicbVDLSsNAFJ3UV42vqks3g0VwY0m6qK6k4sZlBfuANJSb6aQdOnkwMxFLyBe41qV+gztx61f4CeJPOGm7qK0HBg7n3NccL+ZMKsv6Mgorq2vrG8VNc2t7Z3evtH/QklEiCG2SiEei44GknIW0qZjitBMLCoHHadsbXed++54KyaLwTo1j6gYwCJnPCCgtOd0RxDH00mor65XKVsWaAC8Te0bK9bOf7EpdPjd6pe9uPyJJQENFOEjp2Fas3BSEYoTTzOwmksZARjCgjqYhBFS66eTkDJ9opY/9SOgXKjxR5ztSCKQcB56uDEAN5aKXi/95TqL8CzdlYZwoGpLpIj/hWEU4/z/uM0GJ4mNNgAimb8VkCAKI0imZ86Nwmk8H7yEzdTb2YhLLpFWt2LVK7VaHVEdTFNEROkanyEbnqI5uUAM1EUERekIv6NV4NN6Md+NjWlowZj2H6A+Mz19O1J2j</latexit>

2V

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="cVZdIyBpEA/esarvUUCRORcYpxM="></latexit>

Ñ bb,WW, ⌧⌧, ZZ, ��

<latexit sha1_base64="JLmyIekmCqpabApU7E17ZK/GkrE=">AAACNnicbVDLSgMxFL3j2/qqunQTrIoglBmR6rLgxqWCbYVOKTdpWoPJzJBkxDL0T/wQ1271B9y4E3HnJ5jOuKiPA7n3cO4jyaGJFMb6/os3NT0zOze/sFhaWl5ZXSuvbzRNnGrGGyyWsb6iaLgUEW9YYSW/SjRHRSVv0ZvTcb11y7URcXRphwnvKBxEoi8YWid1y7U9Qh1IGJK9gzxSGlpMSREm1QEqhaRI3XLFr/o5yF8SfJNKfQdynHfLH2EvZqnikWUSjWkHfmI7GWormOSjUpganiC7wQFvOxqh4qaT5f8bkV2n9Eg/1u5EluTq5ESGypihoq5Tob02v2tj8b9aO7X9k04moiS1PGLFRf1UEhuTsVmkJzRnVg4dQaaFeyth16iRWWdpaXIVycbbkd6NSs6b4LcTf0nzsBrUqrWLo0q9XpgEC7AF27APARxDHc7gHBrA4B4e4QmevQfv1Xvz3ovWKe97ZhN+wPv8AtFFqLI=</latexit>

bbbb

`
bb⌧⌧

`
bb��

<latexit sha1_base64="Av9RO5FLt2nO8eqOWBY0mBUcZM8=">AAACAHicbVC7TgJBFL2LL1xfqKXNRGJCRXYp0MSGxMYSjTwS2JDZYRYmzD4yM2skm220tdVvsDO2foJ/4CfY29k4CxQInmSSk3Pua44bcSaVZX0auZXVtfWN/Ka5tb2zu1fYP2jKMBaENkjIQ9F2saScBbShmOK0HQmKfZfTlju6yPzWLRWShcGNGkfU8fEgYB4jWGnpupv2CkWrbE2Alok9I8VapfT98PFzXu8Vvrr9kMQ+DRThWMqObUXKSbBQjHCamt1Y0giTER7QjqYB9ql0ksmlKTrRSh95odAvUGiiznck2Jdy7Lu60sdqKBe9TPzP68TKO3MSFkSxogGZLvJijlSIsm+jPhOUKD7WBBPB9K2IDLHAROlwzPlRKMmmY/cuNXU29mISy6RZKdvVcvVKh1SDKfJwBMdQAhtOoQaXUIcGEPDgEZ7g2bg3XoxX421amjNmPYfwB8b7L2ezmo0=</latexit>

uH
0

H
0

<latexit sha1_base64="odNer/1jslnEDWc49pL2pg/00EI=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwY0lcVFdSceOygn1AE8vNZNIOnTyYmYgl9Bdcilv9Bnfi1n/wE8SfcNJ2UVsPDBzOuefO5XgJZ1JZ1pdRWFpeWV0rrpsbm1vbO6XdvaaMU0Fog8Q8Fm0PJOUsog3FFKftRFAIPU5b3uAq91v3VEgWR7dqmFA3hF7EAkZAaenOGUCSQNfhOuFDt1S2KtYYeJHYU1KunfyMLtXFU71b+nb8mKQhjRThIGXHthLlZiAUI5yOTCeVNAEygB7taBpBSKWbja8e4SOt+DiIhX6RwmN1NpFBKOUw9PRkCKov571c/M/rpCo4dzMWJamiEZl8FKQcqxjnFWCfCUoUH2oCRDB9KyZ9EECULsqcXYWzfDt4DyNTd2PPN7FImqcVu1qp3uiSamiCIjpAh+gY2egM1dA1qqMGIkigZ/SCXo1H4814Nz4mowVjmtlHf2B8/gLJeJ7+</latexit>

�
H

0<latexit sha1_base64="O91tc3esANWCKK+Wse61iPEOnf0=">AAACBnicbVC7TsMwFHV4lvAqMLJYVEgsVAlDYUJFLIxFog+pjaob12mtOk5kO4gqys7MwALfwIZY+Q0+AfETOG2H0nIkS0fn3JePH3OmtON8WUvLK6tr64UNe3Nre2e3uLffUFEiCa2TiEey5YOinAla10xz2oolhdDntOkPr3O/eU+lYpG406OYeiH0BQsYAW2kVmcIcQzdRrdYcsrOGHiRuFNSqp7+ZFf68rnWLX53ehFJQio04aBU23Vi7aUgNSOcZnYnUTQGMoQ+bRsqIKTKS8f3ZvjYKD0cRNI8ofFYne1IIVRqFPqmMgQ9UPNeLv7ntRMdXHgpE3GiqSCTRUHCsY5w/nncY5ISzUeGAJHM3IrJACQQbSKyZ0fhNJ8O/kNmm2zc+SQWSeOs7FbKlVsTUhVNUECH6AidIBedoyq6QTVURwRx9IRe0Kv1aL1Z79bHpHTJmvYcoD+wPn8B9pWcWw==</latexit>

V

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q
<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

H
0

H
0

<latexit sha1_base64="O91tc3esANWCKK+Wse61iPEOnf0=">AAACBnicbVC7TsMwFHV4lvAqMLJYVEgsVAlDYUJFLIxFog+pjaob12mtOk5kO4gqys7MwALfwIZY+Q0+AfETOG2H0nIkS0fn3JePH3OmtON8WUvLK6tr64UNe3Nre2e3uLffUFEiCa2TiEey5YOinAla10xz2oolhdDntOkPr3O/eU+lYpG406OYeiH0BQsYAW2kVmcIcQzdRrdYcsrOGHiRuFNSqp7+ZFf68rnWLX53ehFJQio04aBU23Vi7aUgNSOcZnYnUTQGMoQ+bRsqIKTKS8f3ZvjYKD0cRNI8ofFYne1IIVRqFPqmMgQ9UPNeLv7ntRMdXHgpE3GiqSCTRUHCsY5w/nncY5ISzUeGAJHM3IrJACQQbSKyZ0fhNJ8O/kNmm2zc+SQWSeOs7FbKlVsTUhVNUECH6AidIBedoyq6QTVURwRx9IRe0Kv1aL1Z79bHpHTJmvYcoD+wPn8B9pWcWw==</latexit>

V<latexit sha1_base64="O91tc3esANWCKK+Wse61iPEOnf0=">AAACBnicbVC7TsMwFHV4lvAqMLJYVEgsVAlDYUJFLIxFog+pjaob12mtOk5kO4gqys7MwALfwIZY+Q0+AfETOG2H0nIkS0fn3JePH3OmtON8WUvLK6tr64UNe3Nre2e3uLffUFEiCa2TiEey5YOinAla10xz2oolhdDntOkPr3O/eU+lYpG406OYeiH0BQsYAW2kVmcIcQzdRrdYcsrOGHiRuFNSqp7+ZFf68rnWLX53ehFJQio04aBU23Vi7aUgNSOcZnYnUTQGMoQ+bRsqIKTKS8f3ZvjYKD0cRNI8ofFYne1IIVRqFPqmMgQ9UPNeLv7ntRMdXHgpE3GiqSCTRUHCsY5w/nncY5ISzUeGAJHM3IrJACQQbSKyZ0fhNJ8O/kNmm2zc+SQWSeOs7FbKlVsTUhVNUECH6AidIBedoyq6QTVURwRx9IRe0Kv1aL1Z79bHpHTJmvYcoD+wPn8B9pWcWw==</latexit>

V

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q
<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

<latexit sha1_base64="awdWB3joOh8vczNWyEmfwfmyCEI=">AAAB/3icdVC9SwMxHM35Wc+vqqNLsAhOJdfhbLeCi2ML9gPao+TSXBuay51JTixHBycHV/0b3MTVv0TEv8DdVTDXKlTRB4HHe7+vPD/mTGmEXqyFxaXlldXcmr2+sbm1nd/ZbaookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH51kfuuCSsUicabHMfVCPBAsYARrI9XPe/kCKiID14UZccrIMaRSKZdKFehMLYQKVYSfX9+vP2q9/Fu3H5EkpEITjpXqOCjWXoqlZoTTid1NFI0xGeEB7RgqcEiVl04PncBDo/RhEEnzhIZTdb4jxaFS49A3lSHWQ/Xby8S/vE6ig7KXMhEnmgoyWxQkHOoIZr+GfSYp0XxsCCaSmVshGWKJiTbZ2POjYJpNx/7lxDbZfAcA/yfNUtFxi27dhFQFM+TAPjgAR8ABx6AKTkENNAABFNyAW3BnXVn31oP1OCtdsL569sAPWE+fRnCbQg==</latexit>

q

Plus 4 1-loop single-Higgs production channels…like:
H

0
<latexit sha1_base64="5QDyiLkuEIAoXvZxNsD2lguQo24=">AAAB/3icdVDLSgMxFM34rOOr6lKQYBVclUwXY7sruHHZin1AO5RMmmlDM5khyYhl6MKFK7f6De7EpX6KnyD+hJlWoYoeCBzOua8cP+ZMaYTerIXFpeWV1dyavb6xubWd39ltqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfnWV+64pKxSJxqccx9UI8ECxgBGsj1XUvX0BFZOC6MCNOGTmGVCrlUqkCnamFUKF6VP+4PXi5qPXy791+RJKQCk04VqrjoFh7KZaaEU4ndjdRNMZkhAe0Y6jAIVVeOj10Ao+N0odBJM0TGk7V+Y4Uh0qNQ99UhlgP1W8vE//yOokOyl7KRJxoKshsUZBwqCOY/Rr2maRE87EhmEhmboVkiCUm2mRjz4+CaTYd+9cT22TzHQD8nzRLRcctunUTUhXMkAP74BCcAAecgio4BzXQAARQcAfuwYN1Yz1aT9bzrHTB+urZAz9gvX4C5OeZlw==</latexit>

t
<latexit sha1_base64="dRhGiZ+S9BIW08Q9Q8GdQSawLXM=">AAAB/3icdVA5SwNBGJ2NV1yvqKXNYBCsltmsxqQL2FgmYA5IljA7mU2GzB7MzIphSWFlYau/wU5s/SUi/gJ7W8FJohBFHww83vuueV7MmVQIvRiZhcWl5ZXsqrm2vrG5ldveacgoEYTWScQj0fKwpJyFtK6Y4rQVC4oDj9OmNzyd+M0LKiSLwnM1iqkb4H7IfEaw0lKt383lkVUulRzHgcg6Qui4WNCkXC47TgnaFpoiX0H4+fX9+qPazb11ehFJAhoqwrGUbRvFyk2xUIxwOjY7iaQxJkPcp21NQxxQ6abTQ8fwQCs96EdCv1DBqTrfkeJAylHg6coAq4H87U3Ev7x2ovySm7IwThQNyWyRn3CoIjj5NewxQYniI00wEUzfCskAC0yUzsacHwXTyXTsXY5Nnc13APB/0ihYdtEq1nRIFTBDFuyBfXAIbHACKuAMVEEdEEDBDbgFd8aVcW88GI+z0ozx1bMLfsB4+gRm7ptX</latexit>
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hard to predict cleverness

SM for all other couplings, @95% CL: 

relaxing other couplings, @95% CL: 
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bbbb ` bb⌧⌧ ` bb�� 2015 extrapolation to 3000 fb-1: 
“…we can project an exclusion at 95%   
Confidence Level of BSM HH production with 
λHHH/λSM ≤ −4 and λHHH/λSM ≥ 12”   

ATL-PHYS-PUB-2015-046   

Katharine Leney pointed this out  

ATLAS-CONF-2021-052 



data make you smarter

European Strategy (2018)  CERN-2019-007   

Now  ATL-PHYS-PUB-2022-053   



we have been saying ±50%…maybe better?

Higgs @FC Working Group 2019?



The precision Higgs Boson program is in full swing.



The Path Beyond the Standard Model



Peskin/Brock, BNL, April 2013

history suggests

157

new families 
Expansion of the gauge groups 

Compositeness

http://turningplace.files.wordpress.com/2013/01/aaaa.jpg

http://turningplace.files.wordpress.com/2013/01/aaaa.jpg


Beyond the 
Standard 

Model: 

We’re digging deep now 

Searching with exquisite 
precision for:

motivation from:  
non-zero neutrino mass,  
the hierarchy problem,  
the EW parameter hints, 
passing the TeV scale,  
the antimatter problem, &  
the dark matter problem





new particle LHC searches…TeV in hand

1 TeV scale



The TeV scale is almost history

LHC, Run 3

LHC, Run 3

LHC, Run 3

LHC, Run 3

LHC, Run 3

LHC, Run 3

LHC, Run 3



the future



12%



Higgs discovery

The LHC running is just 
beginning

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 20252014201320122011

Run I
8 TeV

0.75 x 1034 cm-2s-1

Run II
13TeV

1.5 x 1034 cm-2s-1

20 fb-1 ~190 fb-1

“phase 1 upgrades”“phase 0 upgrades”

Run III
13.6 TeV

peak 2.1 x 1034 cm-2s-1

integrated goal: 450 fb-1

currently peak luminosity >2 x design

32

2

2

1

3

3

we are here



I’ll be an old man rocking

2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2026202720262025

          Run IV
          14 TeV
          5 x 1034 cm-2s-1

≥ 3000 fb-1

“HL-LHC upgrades”

Run III
14 TeV

1.7-2.2 1034 cm-2s-1

Literally right now a 
1 year delay is being 
discussed



2 things and then conclusions



thing 1: mass.



Let’s be clear.
We collider types say we know about Mass. 



Really?
To: 2024 
From: NatureA Hint?

As long as we know nothing  

about the mass of the neutral 
fermions 

or 

about 85% of the gravitating 
universe 

We don’t know the Mass story.

Understanding Mass is still  
“all hands on deck”  

– EF, NF, RPF, and CF



thing 2: the circles.



thing 2: the circles.The Bumper Sticker Frontier



they’re pithy
energy

neutrino cosmic

rare 



“Frontier”

I’m rethinking... 

maybe an apt metaphor

energy

neutrino cosmic

rare 



The new physics will 
bulge somewhere!

a unique 
“Frontier”

energy

neutrino cosmic

rare 



The new physics will 
bulge somewhere!

a shared 
“Frontier”

energy

neutrino
cosmic

rare 



The new physics will 
bulge somewhere!

a shared 
“Frontier”

energy

neutrino cosmic

rare 



The new physics will 
bulge somewhere!

a shared 
“Frontier”

energy

neutrino cosmic

rare 



but probably everywhere

a shared 
“Frontier”

energy

neutrino cosmic

rare 





The Higgs particle changed everything.



SM guided research





un-guided research?



over-guided research?



We’re exploring.



“Frontier”


