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DATA

Internet before the 
LHC (circa 2008) 

It’s a goal particle physicists have been working on for decades.
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THE WW NETWORK ORGANISM



INTELLIGENCE
Future Data Hyperloops*  

!

I.  AA (alive/adapting*) Networks integrating communication, computing, 
storage resources... -- involving domain-specific science gateways and portals, 
cloud-based workflows, high-performance and high-throughput computing 
models, and new data service capabilities.  
!

II. Target for LHC: Real-Time AAN’s intelligent and self-organizing targeted to 
deal with EBs of data by 2020 (and ZBs, YBs as needed). 
!

III. (big) smart data,  smart networks  
!

* MS nomenclature/semantics 
!

!
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SYMMETRY BREAKING AND COMPLEXITY
Nambu (1960) 

The importance of Spontaneous Symmetry Breaking 

Nobel Lecture: Spontaneous symmetry breaking in particle physics:
A case of cross fertilization*

Yoichiro Nambu
University of Chicago, The Enrico Fermi Institute, Chicago, Illinois 60637, USA

!Published 15 July 2009; corrected 24 November 2010"

DOI: 10.1103/RevModPhys.81.1015

I will begin by a short story about my background. I
studied physics at the University of Tokyo. I was at-
tracted to particle physics because of the three famous
names, Nishina, Tomonaga, and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at To-
kyo. I got into particle physics only when I came back to
Tokyo after the war. In hindsight, though, I must say that
my early exposure to condensed matter physics has been
quite beneficial to me.

Particle physics is an outgrowth of nuclear physics
which began in the early 1930s with the discovery of the
neutron by Chadwick, the invention of the cyclotron by
Lawrence, and the “invention” of meson theory by
Yukawa !Nambu, 2007". The appearance of an ever-
increasing array of new particles in the subsequent de-
cades, and the advances in quantum field theory gradu-
ally led to our understanding of the basic laws of nature,
culminating in the present standard model.

When we faced those new particles, our first attempts
were to make sense out of them by finding some regu-
larities in their properties. They invoked the symmetry
principle to classify them. Symmetry in physics leads to a
conservation law. Some conservation laws are exact, like
energy and electric charge, but these attempts were
based on approximate similarities of masses and interac-
tions.

Nevertheless, seeing similarities is a natural and very
useful trait of the human mind. The near equality of
proton and neutron masses and their interactions led to
the concept of isospin SU!2" symmetry !Heisenberg,
1932". On the other hand, one could also go in the op-
posite direction, and elevate symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine
the dynamics as well, a most attractive possibility. Thus
the beautiful properties of electromagnetism was ex-
tended to the SU!2" non-Abelian gauge field !Yang and
Mills, 1954". But strong interactions are short range.
Giving a mass to a gauge field destroys gauge invariance.

Spontaneous symmetry breaking !SSB", which is the
main subject of my talk, is a phenomenon where a sym-

metry in the basic laws of physics appears to be broken.
In fact, it is a very familiar one in our daily life, although
the name SSB is not !the name is due to Baker and
Glashow, 1962". For example, consider a elastic straight
rod standing vertically. It has a rotational symmetry; it
looks the same from any horizontal direction. But if one
applies increasing pressure to squeeze it, it will bend in
some direction, and the symmetry is lost. The bending
can occur in principle in any direction since all directions
are equivalent. But you do not see it unless you repeat
the experiment many times. This is SSB.

The SSB in quantum mechanics occurs typically in a
uniform medium consisting of a large number of ele-
ments. It is a dynamical effect. Symmetry allows some
freedom of action to each of them but the interaction
among them forces them, figuratively speaking, to line
up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
take energy, because the action is not local operator. So
the symmetry appears to be lost. It is still possible to
recover the lost symmetry by a global operation, but it
would amount to a kind of phase transition. Some of the
examples are

Physical system Broken symmetry

Ferromagnets Rotational invariance !with respect
to spin"

Crystals Translational and rotational invariance
!modulo discrete values"

Superconductors Local gauge invariance !particle number"

SSB in a medium then has the following characteristic
properties:

!1" The ground state has a huge degeneracy. A sym-
metry operation takes one ground state to another.

!2" Only one of the ground states and a whole spec-
trum of excited states built on it are realized in a
given situation.

!3" SSB is, in general, lost at sufficiently high
temperatures.

In relativistic quantum field theory, this phenomenon
becomes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of

*The 2008 Nobel Prize for Physics was shared by Yoichiro
Nambu, Makoto Kobayashi, and Toshihide Maskawa. This pa-
per is the text of the address given in conjunction with the
award.

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015

• Apply condensed matter ideas to particle physics 

• Now the quantum vacuum is the “medium”
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• Apply condensed matter ideas to particle physics 

• Now the quantum vacuum is the “medium”

• The key difference is that in quantum 
field theory it is much more difficult to 
transition from one one degenerate 
ground state to another 

• The quantum vacuum is like a many-
body system in this sense 

• As Phillip Anderson emphasized in his 
1972 article “More is Different”, 
spontaneous symmetry breaking is a 
property of “large” systems



SYMMETRY BREAKING DYNAMICS

Peter Littlewood and Chandra Varma discovered “light” Higgs bosons in     
niobium-selenide superconductors, 1981



HIGGS MODES AT PHASE TRANSITIONS 



SUSY-PARTNERS = THE OTHER SPIN PARTNER

— Supersymmetry (with the additional assumption of soft breaking 
at the TeV scale) has been the dominant BSM framework for the 
past 27 years.

— One reason is simply that SUSY is a comprehensive framework 
that is both calculable and predictive, making it possible to write 
> 20,000 papers.

— Another reason is that SUSY has many attractive theoretical 
properties, most especially that it suppresses quantum 
corrections, and is a space-time symmetry rather than an ad-
hoc postulation of extra degrees of freedom and “internal” 
symmetries.

(Electron in superspace) = superelectron (spin 0) +  electron (spin1/2) 
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SUSY CURES TO HIGGS QUANTUM-PATHOLOGIES



SUSY models have many other nice features:
The electroweak scale is derived from the SUSY-breaking scale, and the Higgs mass-

squared parameter is automatically tachyonic due to quantum effects
Once you have superpartners at the electroweak scale, SUSY models make sense up to

around the Planck scale ~ 1019 GeV, where quantum gravity presumably becomes
important

SUSY models are the expected lower energy outcome of string theory, which may be
the correct description of quantum gravity

And of course you predict the imminent discovery of all the superpartner particles,
since they are connected to the electroweak scale.

SUSY CURES TO HIGGS QUANTUM-PATHOLOGIES



SUSY E-P BALANCE RUPTURE
Limits in the              topology 

12 Nov 2013 J. Thompson, Cornell 16 

` All lepton multiplicities are relevant 
` Limits up to 1400 GeV for light LSP 

INTERPRETATION: BDT ANALYSIS tχ0  

Set limits using results from BDT signal regions 
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UPCOMING DISCOVERY (2016)

—  if SUSY is the naturalness fix then we just missed it in the 7, 8 
TeV runs and it will show up in the 13 TeV run.

—  both LEP and Tevatron missed the Higgs which was “just around 
the corner”



BEYOND THE  HIGGS
H boson : is it the Standard Model? 
Does it behave as predicted?  
Is there more than one? 
how many more? 
Finding heavy Higgs bosons with non-standard interactions  is a major 
long-term challenge for the LHC 
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126 BORDERLINE DISORDER 

SUSY extensions 

At the edge of 
Stability 

SM valid up to MPlanck 

MSSM 

Composite Higgs 
             

126 GeV is suspiciously light for a composite Higgs boson	

and it is suspiciously heavy for minimal SUSY 	


or you need to work SUSY extensions with enlarged Higgs sectors



CONNECTIONS

— Does the Higgs destabilize the vacuum

—  How does the electroweak scale emerge

—  Is there a Higgs portal to dark matter 

—  Is  the Higgs sector responsible for the  genesis of matter in 
the early universe

—  How does the Higgs talk to neutrinos

—  Is the Higgs related to inflation or dark energy

!

— motivates: precision program, discovery program (w/ energy 
push), observation program



HIGGS AND VACUUM STABILITY

!

— The Higgs field is self-sourcing with a 
quartic self-interaction λ

— The strength of this interaction has 
distance-dependent quantum 
corrections  from the Higgs coupling to 
other particles, esp. the top quark

— The Higgs effective potential depends 
on the Higgs mass and the Higgs self 
coupling

— The quantum corrections depend on the 
top mass  and an energy scale that is 
bigger the  bigger is the strength of the 
Higgs field.

Higgs and vacuum stability

Higgs boson 

Extra W,Z polarization 

energy stored  
in Higgs field 

value of Higgs field 

symmetric 

broken symmetry 

E 

D. Politzer, S. Wolfram, 
Phys. Lett. 82B, 1979

march 25 2014,BU Physics Colloquium, maria spiropulu 
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VACUUM META-STABILITY

Higgs connections



VACUUM META-STABILITY

Higgs connections

metastability can be averted with insertion of
new physics — SUSY in particular works well
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DARK MATTER 

Higgs connections
DYNAMICS OF GALAXY CLUSTERS

Mvirial =
<v2>R

G
High mass required in order for 
the gas not to leave the cluster



DARK MATTER 

Higgs connections
DYNAMICS OF GALAXIES

Galaxy ⇠ stars + gas + dust + black hole + DM
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gravitational lensing by dark matter distorts	

galaxy images 



DARK MATTER 
LENSING

gravitational lensing by dark matter distorts	

galaxy images 

distribution of DM 
needed to explain 

lensing



DARK MATTER  
Early cosmology,  BBN,  CMB concordance that the picture of the mass-energy 

balance in the Universe today looks like   
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via some exotic dark 
force?



WIMP DARK MATTER
• Weakly Interacting Massive Particles

• Cold i.e. nonrelativistic speeds

• Could have been in thermal equilibrium with ordinary matter early on in

the Big Bang

• The rate at which the dark matter can annihilate into ordinary matter

would determine how much is around today, the ”thermal relic density”
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WIMP DARK MATTER
• Weakly Interacting Massive Particles

• Cold i.e. nonrelativistic speeds

• Could have been in thermal equilibrium with ordinary matter early on in

the Big Bang

• The rate at which the dark matter can annihilate into ordinary matter

would determine how much is around today, the ”thermal relic density”

m� ' 100 GeV

⌦
x

h2 =
3 · 10�27 cm3/sec

h�
A

vi

�A ⇠ ↵2

m2
�

WIMP density “freezes 
out” when annihilation 
rate ~ expansion rate	




WIMP DARK MATTER & TERRA INCOGNITA

1 Jun 09 Feng
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WIMP DETECTION

Correct relic density ! Efficient annihilation then 
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Experimental Approaches

At least two pieces of information in order to 
recognize nuclear recoil 
extract rare events from background 
  (self consistency) 
+ fiducial cuts (self shielding, bad regions) 

As large an amount of 
information and  a signal to 
noise ratio as possible



DARK MATTER & NEW PHYSICS

The biggest 
problem in 
physics today	




HIGGS CONNECTIONS TO “THE BEYOND”
!

Is there a Higgs portal to dark matter	

Electroweak baryogenesis	

What principle creates and stabilizes the electroweak scale	

How does the Higgs talk to neutrinos 	

What are the dynamical origins of fermion masses, mixings 
and CP violation	

Extra credit: is the Higgs related to inflation or dark energy 

Needs a multi-decade global experimental effort on 
many fronts, with new ideas and new technologies
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