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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
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Two vehicles:

“Snowmass” Workshops 

organized by DPF 

previous one in 2001 

“P5” 

Particle Physics Project              
Prioritization Panel  

sub-panel of HEPAP



Notorious P5 Review: 2008

Three Frontiers  

– “the circles” –  

2008 P5



By 2012 it was time for a P5. 
This time, it was different.



Snowmass → P5  after LHC’s first run

DPF started organizing 

in 2012energy

intensity cosmic
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energy

intensity cosmic

Our primary theme.

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 
Frontier



We worked together & apart:
Sept 2012-August 2013: “Snowmass” 
October 2013-May 2014: P5

&



so far: The LHC running had just 
begun

2015 2016 2017 2018 2019 2020 2021 2022 2023 20242014201320122011

Run I
8 TeV

0.75 1034 cm-2s-1

Run II
13-14 TeV

1.5 1034 cm-2s-1

Run III
14 TeV

1.7-2.2 1034 cm-2s-1

20 fb-1 ~150 fb-1 300 fb-1

“phase 0 upgrades” “phase 1 upgrades”
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let’s do it again, 
“updates”

First, European Strategy for 
Particle Physics

Then, US Snowmass Study

Finally, HEPAP P5 Study 

2019 2020 2021 2022 2023

MAY “SUMMER”“FALL”“WORK 7/11-7/20

DUNE 
Det1

last week
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“Science Drivers”:

•Use the Higgs boson as a new tool for 
discovery

• Pursue the physics associated with 
neutrino mass

• Identify the new physics of dark 
matter

• Understand cosmic acceleration: 
dark energy and inflation

• Explore the unknown: new 
particles,interactions, and physical 
principles
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Cosmic 
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Explore the 
Unknown ✔ ✔ ✔

Frontiers
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ie
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its own driver?
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Higgs
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Why the Standard Model victory laps? 
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30,000 ft View of the Standard Model



Standard 
Model
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Higgs
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3 spin 1 vector bosons should exist: γ, W ± , Z0  
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γ exchange

W exchange
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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



the 2012 
discovery

completed the story  

unrelenting 40 year effort.

Standard 
Model
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We’re schizophrenic about the Standard Model



Like the 
nursery rhyme

when the SM is good, 

 it’s very good



Like the 
nursery rhyme

when the SM is good, 

 it’s very good

when it’s bad 

it’s very...confusing
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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
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masses are insulting



what’s great 

1. the Gauge Principle

about the Standard Model?

Standard 
Model

H
How the 
W got its 
massH

eW
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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
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1 a level of quality or attainment

“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”
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about the Standard Model?

Standard 
Model
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what’s confusing 

the story of the Higgs Boson
Standard 

Model

2. Spontaneous Symmetry Breaking

about the Standard Model?
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 v = 246 GeV…it’s on.
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The remaining primordial scalar 
is the Higgs Field.
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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
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The job of the Higgs Field is special.



field generates mass
of the charged fermions

a light particle...

a heavy particle...











mass*

H

*charged fermions and W/Z!



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!
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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?
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Much confusion centers on

the “Higgs” Potential.  

Our future mission: to unpack it.

vacuum 
energy

Higgs 
mass

Higgs 
potential 

shape
fermion 

couplings

Higgs 
potential 
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How about a spin 0, elementary 
particle? 



First-ever spin 0 elementary particle.
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Top loop is big and negative
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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)

               1252
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“coincidence”?

There’s no coincidence in science.



To: 2019 
From: NatureHints?
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 Composite Higgs –        a Cooper Pair-like H 

 Extra dimensional theories 

new stuff

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

anthropomorphism
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particle.
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The shape of the 
vacuum potential could 
change…and the 
bottom could fall out.
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The Standard Model is just weird.



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

Standard 
Model
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the Snowmass “Energy Frontier”
with Michael Peskin



EF working groups

EF1: The Higgs Boson 
Jianming Qian (Michigan), Andrei Gritsan ( Johns Hopkins), Heather Logan (Carleton), Rick 
Van Kooten (Indiana), Chris Tully (Princeton), Sally Dawson (BNL) 

EF2: Precision Study of Electroweak Interactions 
Doreen Wackeroth (Buffalo), Ashutosh Kotwal (Duke) 

EF3: Fully Understanding the Top Quark 
Robin Erbacher (UC Davis), Reinhard Schwienhorst (MSU), 
Kirill Melnikov ( Johns Hopkins), Cecilia Gerber (UIC), Kaustubh Agashe (Maryland) 

EF4: The Path Beyond the Standard Model–New Particles, Forces, and  
Dimensions (& Flavor and CP Violation at high energy) 

Daniel Whiteson (Irvine), Liantao Wang (Chicago), Yuri Gershtein (Rutgers), Meenakshi 
Narain (Brown), Markus Luty (UC Davis) [Soeren Prell (ISU), Michele Papucci (LBNL), Marina 
Artuso (Syracuse)] 

EF5: Quantum Chromodynamics and the Strong Interactions  
Ken Hatakeyama (Baylor), John Campbell (FNAL), Frank Petriello (Northwestern), Joey 
Huston (MSU)

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


characterizing 
future collider 
physics

52 conclusions 

for all 13 facilities



we evaluated:

4 hadron colliders 

7 electron colliders 

1 muon collider 

1 photon-photon collider



Conclusions
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particles
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couplings
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let’s           the future:



The Higgs Boson
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SMSM

Beyond the Standard Model Predictions @ 1TeV:

Benchmark for 
discovery is few % 

to sub-%



10’s% precision

LHC Status in the couplings:
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The precision Higgs Boson program is in full swing.



Precision Study of Electroweak Physics
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To: 2019 
From: NatureA Hint?

Systematics goal of mtop = ± 500 MeV/c2



OBTW…that potential shape?



from higgs-higgs self-coupling

very hard… 

maybe 50% precision 
at HL-LHC



The Path Beyond the Standard Model



Peskin/Brock, BNL, April 2013

history suggests

147

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: 

Dominated by prospects for 
new particles @ TeV-ish mass 

and/or:

motivation from non-zero 
neutrino mass, the hierarchy 
problem, the antimatter 
problem, & the dark matter 
problem
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the future



5%



buckle in The LHC running is just 
beginning

2015 2016 2017 2018 2019 2020 2021 2022 2023 20242014201320122011

Run I
8 TeV

0.75 1034 cm-2s-1

Run II
13-14 TeV

1.5 1034 cm-2s-1

20 fb-1 ~150 fb-1

“phase 1 upgrades”“phase 0 upgrades”

Run III
14 TeV

1.7-2.2 1034 cm-2s-1

300 fb-1



I’ll be an old man rocking

2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 20382027202620252024

Run III
14 TeV

1.7-2.2 1034 cm-2s-1

Run IV
14 TeV

1.7-2.2 1034 cm-2s-1

3000 fb-1

“phase 2 upgrades”

Run IV
14 TeV

1.7-2.2 1034 cm-2s-1



2 things and then conclusions



thing 1: mass.



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

As long as we know nothing  

about 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, IF, and CF
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they’re pithy
energy

intensity cosmic



“Frontier”

I’m rethinking... 

maybe an apt metaphor

energy
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but probably everywhere

energy

intensity cosmic

a shared 
“Frontier”





The Higgs particle changes everything.





SM guided research
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over-guided research?



We’re exploring.



“Frontier”
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every player 
dresses himself: 
locality

how to restore 
order?

athletic 
anarchy!
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