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I would like to know …

?



Problems of High-Energy Physics (NAL Design Report, January 1968)

We would like to have answers to many questions. Among

them are the following:

Which, if any, of the particles that have so far been discov-

ered, is, in fact, elementary, and is there any validity in the

concept of “elementary” particles?

What new particles can be made at energies that have not

yet been reached? Is there some set of building blocks that

is still more fundamental than the neutron and the proton?

Is there a law that correctly predicts the existence and na-

ture of all the particles, and if so, what is that law?

Will the characteristics of some of the very short-lived par-

ticles appear to be di↵erent when they are produced at such

higher velocities that they no longer spend their entire lives

within the strong influence of the particle from which they

are produced?

Do new symmetries appear or old ones disappear for high

momentum-transfer events?

What is the connection, if any, of electromagnetism and

strong interactions?

Do the laws of electromagnetic radiation, which are now

known to hold over an enormous range of lengths and fre-

quencies, continue to hold in the wavelength domain char-

acteristic of the subnuclear particles?

What is the connection between the weak interaction that

is associated with the massless neutrino and the strong one

that acts between neutron and proton?

Is there some new particle underlying the action of the

“weak” forces, just as, in the case of the nuclear force,

there are mesons, and, in the case of the electromagnetic

force, there are photons? If there is not, why not?

In more technical terms: Is local field theory valid? A fail-

ure in locality may imply a failure in our concept of space.

What are the fields relevant to a correct local field theory?

What are the form factors of the particles? What exactly

is the explanation of the electromagnetic mass di↵erence?

Do “weak” interactions become strong at su�ciently small

distances? Is the Pomeranchuk theorem true? Do the total

cross sections become constant at high energy? Will new

symmetries appear, or old ones disappear, at higher energy?
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Understand electroweak symmetry breaking

Observe the Higgs boson

Measure neutrino masses and mixings

Establish neutrinos as Majorana particles

Thoroughly explore CP violation in B decays

Exploit rare decays (K, D, …)

Observe neutron’s EDM, pursue electron’s

Use top quark as a tool

Observe new phases of matter

Understand hadron structure quantitatively

Uncover the full implications of QCD

Observe proton decay

Understand the baryon excess

Catalogue matter and energy of the universe

Measure dark energy equation of state

Search for new macroscopic forces

Determine the unifying symmetry

Detect neutrinos from the universe

Learn how to quantize gravity

Learn why empty space is nearly massless

Test the inflation hypothesis

Understand discrete symmetry violation

Resolve the hierarchy problem

Discover new gauge forces

Directly detect dark-matter particles

Explore extra spatial dimensions

Understand the origin of large-scale structure

Observe gravitational radiation

Solve the strong CP problem

Learn whether supersymmetry is TeV-scale

Seek TeV-scale dynamical symmetry breaking

Search for new strong dynamics

Explain the highest-energy cosmic rays

Formulate the problem of identity

(2005) In a decade or two, we can hope to …
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Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
8 gluons      

We do not know 
what the Universe 
at large is made of.

Mendele’ev 
did not know of
the noble gases.

Befo
re L

HC
Two then-new Laws of Nature + pointlike quarks & leptons
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The World’s Most Powerful Microscopes 
nanonanophysics

8.12 TeV
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Quantum Chromodynamics: QCD

Dynamical basis for quark model

Gluons (vector force particles) mediate 
interactions among the quarks and 
themselves experience strong interactions.

Contrast photons of QED, which mediate 
interactions among charged particles, not 
among themselves.

Quark, gluon interactions ➾ nuclear forces
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Jet production: success of perturbative QCD
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sum of parts rest energy

Nucleon mass (~940 MeV): exemplar of m = E0/c2

up and down quarks contribute few %

χPT: MN  870 MeV for massless quarks
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Lattice QCD: color-confinement origin of nucleon mass 
has explained nearly all visible mass in the Universe

NGC 1365· DES(Quark masses ensure Mp < Mn)



How might QCD Crack?

(Breakdown of factorization)
Free quarks / unconfined color
New kinds of colored matter

Quark compositeness
Larger color symmetry containing QCD – massive gluon partners?

QCD could be complete,* up to MPlanck

… but that doesn’t prove it must be
Prepare for surprises!
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New phenomena within QCD?

Unusual event structures …

High density of few-GeV partons … thermalization?

Multiple production beyond diffraction + short-range order?

Long-range correlations in y (or η)?
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Look at events in informative coordinates.
More is to be learned from the river of events 
than from a few specimens!

Learning to See at the Large Hadron Collider, 1001.2025

https://arxiv.org/abs/1001.2025
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p⊥ imbalance
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separation
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Hot spot?

Rapidity gap
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Correlations among the partons?
A proton knows it is a proton. 

Single-spin asymmetries imply correlations. 
What else?

q
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Can we distinguish different configurations? 
Interplay with multiple-parton interactions?
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ATLAS

Machine learning 

opportunities?
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What is a proton?
At high energy: an unseparated, broadband beam 

of quarks, antiquarks, and gauge bosons (primarily gluons), 
and perhaps other constituents, yet unknown.

↳50 years of an amazingly robust idealization: 
Renormalization-group–improved Parton Model 

with one-dimensional parton distributions

development of generalized parton distributions 
and transverse-momentum distributions

Questions: intrinsic heavy flavors, saturation at small x
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What is a proton?
Quasistatic properties: interesting on their own,

have implications for interpretation of
dark matter searches: WIMP–N interactions

How does H interact with nucleon?
H coupling to heavy flavors: s, b, …

Polarized target? H/D target? Active target? 
What would constitute the ideal experiment(s)?

Muon-storage-ring Neutrino Factory could deliver 
1020 ν per year for on-campus experiments
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XYZ Mesons Stephen Lars Olsen
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Figure 2: The spectrum of charmonium and charmoniumlike mesons.

according to my best guess at their J
PC quantum numbers. A reasonably up-to-date list of the XY Z

candidate states, together with some of their essential properties, is provided in Table 1 and some
recent reviews can be found in Refs. [28, 29, 30, 31].4 The designation of these states as X , Y , or
Z was initially haphazard, but now has settled into a pattern in which researchers engaged in this
field (but not the Particle Data Group (PDG) [21]) designate J

PC = 1�� neutral states as Y , those
with isospin=1 as Z, and all of the rest as X . However, a few exceptions to this pattern persist.

3.2 A whirlwind tour

Moving from left to right in Fig. 2, I review reasons that the XY Z states are poor matches for any
of the unassigned charmonium states. (Experimental references are given in Table 1.)

4In Table 1 and the rest of this report, the inclusion of charge conjugate states is always implied.
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New spectroscopy of quarkonium–associated states

Stable doubly heavy 
tetraquark mesons

(QQ)

q̄

q̄

Eichten & CQ (PRL)

What body plans beyond qqq, q̄q?
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Electroweak Symmetry Breaking

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
8 gluons       W±· Z0· γ

U(1)EM
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Gauge symmetry (group-theory structure) tested in
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Meissner effect

Photon has mass in a superconductor



Simplest example: Abelian Higgs model 
 

= Ginzburg–Landau in relativistic notation

Yields massive photon 
+ 

a massive scalar particle 
“Higgs boson”

No mention of weak interactions in 1964 papers.

No question of origin of fermion masses 
(not an issue for Yang–Mills theory or QED).
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 A force of a new character, based on 
interactions of an elementary scalar 

OR
 A new gauge force, perhaps acting on 

undiscovered constituents 
OR

 A residual force that emerges from strong 
dynamics among electroweak gauge bosons 

OR
 An echo of extra spacetime dimensions 

OR  
…

An a priori unknown agent hides electroweak symmetry



The Importance of the 1-TeV Scale

EW theory does not predict Higgs-boson mass
Thought experiment: conditional upper bound

 If bound is respected, perturbation theory is “everywhere” reliable

 If not, weak interactions among W±, Z, H become strong on 1-TeV scale

New phenomena are to be found around 1 TeV

provided  MH ≤ (8π√2/3GF)1/2 ≈ 1 TeV
_

W+W –, ZZ, HH, HZ satisfy s-wave unitarity,
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http://dx.doi.org/10.1103/PhysRevD.16.1519


LHCb

ATLAS
ALICE

CMS

Large Hadron Collider
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Evolution of CMS 4-lepton Signal
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Evolution of ATLAS γγ Signal
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LHC can study Higgs boson in many channels

LHC: Multiple looks at the new boson

3 production mechanisms, � 5 decay modes

H
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Chris Quigg (FNAL) The Standard Model . . . ICTP-SAIFR · 1–3.4.2013 136 / 160

γγ, WW*, ZZ*, τ+τ–, b pairs, …

+ Htt -
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What the LHC has told us about H so far 
 

Evidence is developing as it would for 
a “standard-model” Higgs boson 

 
Unstable neutral particle near 125 GeV

MH = 125.09 ± 0.24 GeV

decays to γγ, W+W–, ZZ

dominantly spin-parity 0+

evidence for τ+τ–, bb̄, tt;̄ μ+μ– limited
Only third-generation fermions tested

Hff ̄couplings 
not universal

Motivat
es HL-LHC, 

electro
n–positro

n Higgs 
facto

ry
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Quantum corrections test electroweak theory

2.2 Results 11
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Imagine a world without a symmetry-breaking 
(Higgs) mechanism at the electroweak scale

Why does discovering the agent matter?

 37



Electron and quarks would have no mass via Higgs
QCD would confine quarks into protons, etc. 
        Nucleon mass little changed
Surprise: QCD would hide EW symmetry,  
        give tiny masses to W, Z
Massless electron: atoms lose integrity 
No atoms means no chemistry, no stable 
composite structures like liquids, solids, … 
… no template for life.

    arXiv:0901.3958
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http://prd.aps.org/abstract/PRD/v79/i9/e096002
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Fully accounts for EWSB (W, Z couplings)?
Couples to fermions? 
t from production, Htt ̄ 

need direct observation for b, τ
Accounts for fermion masses? 

Fermion couplings ∝ masses?
Are there others?

Quantum numbers? (JP = 0+)
SM branching fractions to gauge bosons?

Decays to new particles?
All production modes as expected?

Implications of MH ≈ 125 GeV?
Any sign of new strong dynamics?

H
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What we expect of the standard-model Higgs sector

Hide electroweak symmetry 
Give masses to W, Z, H 

Regulate Higgs-Goldstone scattering 
Account for quark masses, mixings

Account for charged-lepton masses
} ΦBSM

A role in neutrino masses? / A portal to hidden sectors?

Motivates VLHC



Why does the muon weigh?

What does the muon weigh?
ςe : picked to give right mass, not predicted

fermion mass implies physics beyond the standard model

 41

after spontaneous symmetry breaking

gauge symmetry allows
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0 … 1 … ∞



Could extra dimensions explain 
the range of fermion masses?

eR
ϕ

Lq uR
dR

Le

Fermions ride separate tracks in 5th dimension
Small offsets in x4: exponential differences in masses

How might ratios far from unity arise?
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http://dx.doi.org/10.1103/PhysRevD.61.033005


Will the fermion masses and mixings reveal 
symmetries or dynamics or principles?

Some questions now seem to us the wrong questions: 
Kepler’s obsession – Why six planets in those orbits? 

Landscape interpretation as environmental parameters

Might still hope to find equivalent of Kepler’s Laws!
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What makes a top quark a top quark,
an electron an electron, a neutrino a neutrino?

The Problem of Identity

Why three families?

Neutrino oscillations give us another take. 
Clue to matter excess in the universe?

Might new kinds of matter unlock the pattern?

 47
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More new physics on the TeV scale?

Production of  WIMP dark matter

“Naturalness”

Hierarchy problem: EW scale ≪ Unification or Planck scale 

Vacuum energy problem

Clues to origin of EWSB
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Supersymmetry could respond to many SM problems,
but (as we currently understand it) it is

largely unprincipled!

R-parity (overkill for proton stability) 
gives dark-matter candidate

μ problem (getting TeV scale right)
Taming flavor-changing neutral currents

All these are added by hand!

Very promising:  search in EW production modes 
reexamine squark + EWino, too.
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How have we misunderstood
the hierarchy problem?

If other physical scales are present, 
there is something to understand

We originally sought once-and-done remedies,
such as supersymmetry or technicolor

Go in steps, or reframe the problem?
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The Origins of Lattice Gauge Theory

K.G. Wilson

Smith Laboratory, Department of Physics, The Ohio State University, 174 W. 18th Ave., Columbus, OH 43210

1. INTRODUCTION

This talk is an anecdotal account of my role in the
origins of lattice gauge theory, prepared for delivery
on the thirtieth anniversary of the publication of my
article called “Confinement of Quarks” in 1974 [1].
The account is intended to supplement prior books
on the history of elementary particle theory in the
1960’s and 1970’s, especially the book by Andrew
Pickering called Constructing Quarks [2]. Another
reference is a more recent history by Hoddeson et al.
[3]. The book of Pickering is especially useful
because it discusses how a number of physicists
developed expertise in one specific aspect of
elementary particle physics but then had to adapt to
new developments as they occurred. Pickering makes
clear that each physicist in the story had to acquire
new forms of expertise, while building on the
expertise each had already acquired, in order to
pursue these developments. But he did not give a full
account of the expertise that I developed and used in
my contributions to the subject. He provided only a
few details on the history of lattice gauge theory, all
confined to a single footnote (see [3] for more on the
history of lattice gauge theory). This talk fills in
some of the gaps left in Pickering’s history.

I also describe some blunders of mine, report on a
bizarre and humorous incident, and conclude with
some concerns. Our knowledge of the true nature of
the theory of strong interactions is still limited and
uncertain. My main worry is that there might be
currently unsuspected vector or scalar colored
particles that supplement color gluons and that result
in unsuspected additional terms in the QCD
Lagrangian for it to fit experiment. I also worry that
there is not enough research on approaches to
solving QCD that could be complementary to Monte
Carlo simulations, such as the lack of any
comparable research build-up on light-front QCD. I
share the concern of many about how to justify

continued funding of lattice gauge theory, and of
high-energy physics overall, into the far future: see
the end of this talk.

I note that over the past few years I have spent
more time researching the history of science than I
have on physics. I am particularly indebted to the
Director and staff of the Dibner Institute for the
History of Science and Technology, at MIT, for the
award of a fellowship for the Fall of 2002. The
Dibner Institute has a project known as the HRST
project that includes an interview with me about my
work on renormalization in the 1960’s, work that
will be touched on later in this talk. On this latter
part of my history, a more extensive account is
provided in [4]. This talk is informed by my
experience with historical research, although it is
intended to have the anecdotal flavor that physicists
expect in such talks.

This talk is divided into six further sections. The
second section is a bow to the present state and
future prospects for lattice gauge theory. These
prospects seem considerably rosier today than they
were when I ceased my own involvement in lattice
gauge research around 1985. The third section is
about the period in 1973 and 1974 during which I
wrote my 1974 article. The fourth section is about
the earlier period of my research from 1958 to 1971,
beginning with my thesis project suggested by
Murray Gell-Mann. In the fifth section I report on
blunders of mine after 1970, and also report on a
bizarre episode that occurred at that time. In the sixth
section I raise some questions for research, including
the issue of possible partners for the gluon. A
conclusion ends this talk.

2. HOMAGE TO LATTICE GAUGE THEORY
TODAY

The current knowledge base in lattice gauge theory
dwarfs the state of knowledge in 1974, and even the
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momentum slices in the way that was done for a
scalar field in [21].

I have a closing comment. I reviewed my history
between 1958 and 1971 in part because it provides
background for my work on lattice gauge theory. But
I also reviewed it because someday it may prove
useful to apply the momentum slice strategy to some
other seemingly intractable many-body problems.

5. BLUNDERS AND A BIZARRE EPISODE

In the early 1970’s, I committed several blunders
that deserve a brief mention. The blunders all
occurred in the same article [27]: a 1971 article about
the possibility of applying the renormalization group
to strong interactions, published before the discovery
of asymptotic freedom. My first blunder was not
recognizing the theoretical possibility of asymptotic
freedom. In my 1971 article, my intent was to
identify all the distinct alternatives for the behavior
of the Gell-Mann–Low function !(g), which is

negative for small g in the case of asymptotic
freedom. But I ignored this possibility. The only
examples I knew of such beta functions were
positive at small coupling; it never occurred to me
that gauge theories could have negative beta
functions for small g. Fortunately, this blunder did
not delay the discovery of asymptotic freedom, to my
knowledge. The articles of Gross and Wilczek [6]
and Politzer [7] soon established that asymptotic
freedom was possible, and ‘t Hooft had found a
negative beta function for a non-Abelian gauge
theory even earlier [2].

The second blunder concerns the possibility of
limit cycles, discussed in Sect. III.H of [27]. A limit
cycle is an alternative to a fixed point. In the case of
a discrete renormalization group transformation,
such as that of Eq. (6), a limit cycle occurs whenever

a specific input Hamiltonian H
*

is reproduced only
after several iterations of the transformation T, such
as three or four iterations, rather than after a single
iteration as in Eq. (6). In the article, I discussed the
possibility of limit cycles for the case of “at least two
couplings”, meaning that the renormalization group
has at least two coupled differential equations: see
[27]. But it turns out that a limit cycle can occur even
if there is only one coupling constant g in the
renormalization group, as long as this coupling can
range all the way from –! to +!. Then all that is
required for a limit cycle is that the renormalization

group ! function !(g) is never zero, i.e., always

positive or always negative over the whole range of
g. This possibility will be addressed further in the
next section, where I discuss a recent and very novel
suggestion that QCD may have a renormalization
group limit cycle in the infrared limit for the nuclear
three-body sector, but not for the physical values of
the up and down quark masses. Instead, these masses
would have to be adjusted to place the deuteron
exactly at threshhold for binding, and the di-neutron
also [28].

The final blunder was a claim that scalar
elementary particles were unlikely to occur in
elementary particle physics at currently measurable
energies unless they were associated with some kind
of broken symmetry [23]. The claim was that,
otherwise, their masses were likely to be far higher
than could be detected. The claim was that it would
be unnatural for such particles to have masses small
enough to be detectable soon. But this claim makes
no sense when one becomes familiar with the history
of physics. There have been a number of cases where
numbers arose that were unexpectedly small or large.
An early example was the very large distance to the
nearest star as compared to the distance to the Sun,
as needed by Copernicus, because otherwise the
nearest stars would have exhibited measurable
parallax as the Earth moved around the Sun. Within
elementary particle physics, one has unexpectedly
large ratios of masses, such as the large ratio of the
muon mass to the electron mass. There is also the
very small value of the weak coupling constant. In
the time since my paper was written, another set of
unexpectedly small masses was discovered: the
neutrino masses. There is also the riddle of dark
energy in cosmology, with its implication of possibly
an extremely small value for the cosmological
constant in Einstein’s theory of general relativity.

This blunder was potentially more serious, if it
caused any subsequent researchers to dismiss
possibilities for very large or very small values for
parameters that now must be taken seriously. But I
want to point out here that there is a related lesson
from history that, if recognized in the 1960’s, might
have shortened the struggles of the advocates of
quarks to win respect for their now accepted idea.
The lesson from history is that sometimes there is a
need to consider seriously a seemingly unlikely
possibility. The case of Copernicus has been
mentioned. The concept that the Earth goes around
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Parameters of the Standard Model

3 coupling parameters �s,�em, sin2 �W

2 parameters of the Higgs potential
1 vacuum phase (QCD)
6 quark masses
3 quark mixing angles
1 CP-violating phase
3 charged-lepton masses
3 neutrino masses
3 leptonic mixing angles
1 leptonic CP-violating phase (+ Majorana . . . )

26+ arbitrary parameters
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Flavor physics may be 
where we see, or diagnose, 

the break in the SM.



Some outstanding questions in ν physics 
What is the composition of ν3? 

Before most-recent experiments
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Some outstanding questions in ν physics

NOνA, T2K νe appearance begin to hint normal hierarchy

Normal Inverted
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Absolute scal
e 

of neutrino masses?



Some outstanding questions in ν physics
CP  Violation?

T2K disfavors 0 < δ < π at 90% CL
NOνA shows some sensitivity
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Are neutrinos Majorana particles?
Search for (Z,A) → (Z+2,A) + ee: ββ0ν

Do 3 light neutrinos suffice? 
Are there light sterile ν?  

Short baseline ν experiments test for light steriles

How can we detect the cosmic ν background?
νi, νī number density now: 56/cm3, ∝ (1+z)3Tν0 = 1.945 K = 1.697 × 10-4 eV;  Tν ∝ (1+z)
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Flux at Earth reveals 
flux at source 

(stable ν)

Conventional ⇡-decay sources:
�0

std ⌘ {'0
e,'

0
µ,'

0
⌧} = {1

3 ,
2
3 , 0}
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At Earth, expect:
�std ⌘ {'e,'µ,'⌧} = {1

3 ,
1
3 ,

1
3}
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Cosmic ν flux
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If only ν1 or ν3 arrives at Earth, 
Φobserved differs greatly from 
Φstd, and can be distinguished 
from oscillations from an 
arbitrary Φ0.

inverted

normal

Cosmic ν flux
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Why are atoms so remarkably 
neutral?

eL
μL

τLνe
νμ

ντ

uL
dL

cL
sL

tL
bL

Extended quark–lepton families:  
proton decay!  n–n̄ oscillationsCoupling constant unification?

A Unified Theory?
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Unification of Forces?
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log(Q [GeV])
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1/
s

SM: 7/2

MSSM: 3/2

Might (HE-)LHC (or 100-TeV) see change in evolution?
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sin2θW, too



Tabletop precision experiments
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Electric dipole moment de: CP/T violation

|de| < 8.7 x 10–29 e· cm
ACME Collaboration, ThO 

|de| < 1.3 x 10–28 e· cm 
NIST, trapped 180Hf19F+

(SM phases: de <10–38 e· cm)

http://www.sciencemag.org/content/343/6168/269.full.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.153001
http://arxiv.org/abs/1311.5537


Tabletop precision experiments
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BASE Collaboration @CERN Antiproton Decelerator

μp̄ = – 2.792 847 344 1(42) μN

vs.
μp = + 2.792 847 344 62 (82) μN

(Anti)proton magnetic moments: CPT test

http://base.web.cern.ch
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A few more questions in closing
Where are flavor-changing neutral currents? 
Is charged-current universality exact?
Can we find evidence for charged-lepton flavor violation?
Can we find right-handed charged-current interactions? 
Can we detect H → cc?̄
Can we observe axions / dark photons / … ?
Might we be misreading the evidence about dark matter?
Can we observe electric dipole moments of µ, p?
What is the order of the electroweak phase transition?
Can we probe dark energy in laboratory experiments?
What are best uses of a fully instrumented beam dump?
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Exercise 1. How should we respond if: 
(a) The DAMA “seasonal variation” cannot be 
     explained away? 
(b) The LHC Higgs signal strength settles at 
     µ = 1.17±0.03? Or if Htt ̄remains high?
(c) The LHCb flavor anomalies persist?
(d) The muon (g–2) anomaly strengthens? 
(e) WIMP dark matter searches reach the 
     neutrino floor?
Exercise 2. Sketch five “small-scale” (you define) 
experiments with the potential to change our 
thinking about particle physics or related fields.
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Exercise 3. How would you assess the scientific 
potential (in view of cost and schedule) of 
(a) The High-Luminosity LHC? 
(b) The High-Energy LHC?
(c) A 100-TeV pp Collider (FCC-hh)?
(d) A 250-GeV ILC? 
(e) A circular Higgs factory (FCC-ee or CEPC)? 
(f) A 380-GeV CLIC?
(g) LHeC / FCC-eh? (or an e–ion collider)
(h) A muon-storage-ring neutrino factory?
(i) A multi-TeV muon collider?
(j) The instrument of your dreams?


