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This is not a summary talk

But if you insist I can summarize the status of theory on one slide:
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Theoretical guidance for experimentalists

•  The entire world-wide particle theory community has yet to emerge 
from a 40 year long drought of successful predictions for BSM 
phenomena

•  While ironically we have built, brick by brick, a golden age of 
verified precise predictions for amazing complex Standard Model 
phenomena

•  And BSM phenomena have appeared, although our theoretical 
understanding of them is still primitive: neutrino oscillations, dark 
matter, dark energy, inflation
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Theoretical guidance for (young) theorists

1.  Just because it is well-trodden ground doesn’t mean you cannot 
find lumps of gold lying around that were missed

2.  Just because it is true doesn’t mean you are thinking about it in the 
right way

3.  Try to work on things that will either inspire a new experiment, or 
be used to help an experiment already launched, or provide a fresh 
perspective (not just a new wrinkle) on a persistent mystery 
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Doing more with the Higgs

•  As we march towards the HL-LHC era, the LHC becomes more and 
more a precision Higgs factory

•  Theorists are already figuring out new ways to extract crucial 
information about the Higgs sector

•  Challenge the experiments and they will respond!
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Pinning down the Higgs potential

•  mH and v are precisely measured, but a big challenge to constrain 
•  Observing double Higgs production will be tough at HL-LHC, HE-LHC or 

even a 100 TeV pp collider 

•  Do better off-shell ?!

�3

�SM
3

G.	  Zanderighi,	  BNL	  Forum	  

S.	  Homiller,	  BNL	  Forum	  
M.	  Sullivan,	  BNL	  Forum	  
P.	  Huang,	  BNL	  Forum	  
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Zhen	  Liu,	  BNL	  Forum	  

On-shell Higgs production 
constrains the Higgs width! 
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New Directions in Lattice Gauge Theory

•  muon g-2 

•  neutrino-nucleon interactions

•  BSM strong interactions

•  Composite and axion dark matter

•  Extra credit: asymptotically safe quantum gravity

C.	  Lehner,	  BNL	  Forum	  

A.	  Meyer,	  BNL	  Forum	  

O.	  Witzel,	  BNL	  Forum	  

E.	  Rinaldi,	  BNL	  Forum	  

J.	  Laiho	  et	  al,	  J.	  Ambjorn	  et	  al	  
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Muon g-2:                               
the moment of truth is near

C.	  Lehner,	  BNL	  Forum	  



13 October 2017Joe Lykken | Brookhaven Forum11

Trivia Question:

Who is the most-cited Fermilab theorist [86,131 cites], also having the 
most-cited single paper [8,959 cites]?

Answer:
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Trivia Question:

Who is the most-cited Fermilab theorist [86,131 cites], also having the 
most-cited single paper [8,959 cites]?

Answer:
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Trivia Question:

What will the answer to this same question be in 2030? (my prediction)

Answer:
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Trivia Question:

What will the answer to this same question be in 2030? (my prediction)

Answer:

(caveat: technically Gabe is an experimentalist)	  
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The challenge of 
neutrino – nuclear 
interactions

Questions with billion 
dollar scale impact 

P.	  Huber,	  BNL	  Forum	  
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A.	  Meyer,	  BNL	  Forum	  
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Analogy with the challenges of PYTHIA (and other generators) for LHC:  

P.	  Huber,	  BNL	  Forum	  

•  Parton distributions are fit from data, not computed from first principles 
– how to assign meaningful uncertainities?

•  Hadronization and fragmentation into hadrons comes from a model – 
how to assign meaningful uncertainities?

•  Underlying event from a model – same question

G.	  Zanderighi,	  BNL	  Forum	  
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Maria Spiropulu with 
the first CMS 
collision, 2009	  

My one and only visit to 
LHC tunnel, with a 
magnet built at Fermilab	  

Trouble makers: 
May 2014	  

Where is SUSY?	  
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SUSY SUSY SUSY

•  Supersymmetry is a very powerful idea and theory tool

•  There are good reasons to suppose that it is part of our quantum world

•  However searches at the LHC and elsewhere have not yet detected 
the superpartner particles that are predicted

•  This has created a mini-crisis that is stimulating new thinking by 
particle theorists and creative approaches by particle experimenters

•  Meanwhile new ideas in condensed matter physics are connecting to 
supersymmetry in a completely different way
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Maximal supersymmetry: SUSY as a theory tool 

•  Since supersymmetry relates particles of different spin, there is a 
maximum amount of supersymmetry that you can build into a field 
theory if you want spins no higher than spin 1 (gauge boson) or spin 2 
(graviton) 

•  In 4-dimensions these maximally supersymmetric field theories are 
essentially unique: they are called N=4 super-Yang-Mills theory and 
N=8 supergravity (N is the number of supersymmetry generators      ) 

•  They have very special interesting properties

Qi
↵
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Why might we imagine that the Standard Model should be 
replaced by a softly broken supersymmetric version?
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What is SUSY good for? ---- Grand Unification

It is striking that the assumption of SUSY with superpartners very 
roughly in the TeV mass range implies that the SM gauge forces all have 
the same strength at an energy scale around 1016 GeV

What is SUSY good for? ---- Solving the Hierarchy Problem
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What is SUSY good for? ---- Proton decay and dark matter

•  A general supersymmetrization of the Standard Model gives 
instantaneous proton decay (oops)

•  A partial fix to this bad prediction is to assume an additional discrete 
symmetry, called R-parity

•  This then also implies that the lightest superpartner particle is stable

•  If the lightest superpartner is also uncharged it then provides a good 
candidate to explain dark matter with a correct thermal relic abundance 
from the Big Bang

It is striking that the assumption of SUSY with superpartners very 
roughly in the TeV mass range gives a viable explanation of dark matter 
almost for free (there are some caveats)



13 October 2017Joe Lykken | Brookhaven Forum24

What is SUSY good for? ---- prediction of electroweak 
symmetry breaking, and estimate of Higgs boson mass

•  The Standard Model predicts neither the scale of electroweak symmetry 
breaking, nor the mass of the Higgs boson, and electroweak symmetry 
breaking is put in by hand

•  With softly broken supersymmetry added, electroweak symmetry 
breaking is automatic, and the mass of the Higgs boson is predicted up 
to quantum corrections involving logarithms of the (unknown) 
superpartner masses

•  Assuming superpartners lighters than a few TeV, the Higgs boson mass 
was predicted to be less than about 130 to 140 GeV

It is striking that the assumption of SUSY with superpartners very 
roughly in the TeV mass range predicted an upper bound on the Higgs 
boson mass only slightly higher than the actual value; without SUSY the 
Higgs boson mass could have been 1000 GeV
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What is SUSY good for? ---- making the universe stable

•  We can do a Standard Model calculation to determine if the Higgs 
vacuum state that we find ourselves in now is stable or merely long-
lived; The answer is that the vacuum is unstable

•  Eventually a spontaneous bubble of a lower energy state will appear as 
a quantum fluctuation somewhere in the universe, and expand to 
destroy us all

•  With SUSY this generically cannot happen
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Experimental status of supersymmetry

Two obvious experimental approaches have been pursued for a long time 
now:

•  Try to produce superpartner particles at high energy particle colliders 
like the LHC

•  Try to detect dark matter particles streaming in from space 

How are we doing?
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Superpartners @ LHC? Ummmm not yet…
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•  This is disturbing, since in softly broken SUSY these masses are 
directly related to the Z boson mass (91 GeV) by model parameters of 
order ~1

•  This would imply that the parameters are fine-tuned to get a smaller Z 
mass from larger superpartner masses by an accidental cancellation

Unnatural SUSY?
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•  This is not yet disturbing, since a large fraction of the SUSY-preferred 
parameter space in mass versus WIMP-nucleon cross section has still 
not been probed

•  But no signals yet, need to get serious about other DM options

Direct searches for WIMP dark matter
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Is there some other way to look for 
supersymmetry in the real world?
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•  The microscopic degrees of freedom of condensed matter 
systems break symmetries that we take for granted in particle 
theory (boost invariance, rotation invariance) and have lots of 
short-range complexity

•  Not surprisingly, as you approach a critical point broken 
symmetries can be restored, since e.g. an order parameter 
vanishes“Emergent” Symmetries

Full rotational symmetry at the critical point

Emergent symmetry in condensed matter 

In addition to restoring rotational 
symmetry, it is possible to see larger 
symmetries emerge…
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•  In fact the critical 2D Ising model can be described by a conformally 
invariant 2-dimensional relativistic field theory

•  This is emergent space-time symmetry

•  This CFT is the c=1/2 minimal model of Friedan, Qiu, and Shenker 

•  The critical behavior of many other systems are also in the this 
universality class…

Emergent space-time symmetry
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Ising model universality class
binary race relations and the 
development of ghettos 	  

stock prices closing up 
or down	  
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Ising model universality class

e.g. cardiac instabilities	  
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Ising model universality class?

Sorry this one is in the universality class of 
the percolation model, not the Ising model	  



13 October 2017Joe Lykken | Brookhaven Forum36

•  This example certainly suggests the possibility that some 2D 
condensed matter systems might demonstrate emergent 
supersymmetry close to a critical point

•  Indeed the next-simplest of the minimal 2D conformal field 
theories, with c=7/10, is in fact a 2D superconformal theory!

•  Furthermore the Tri-critical Ising model is described by this 
superconformal field theory near its tri-critical point

Emergent supersymmetry?
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Emergent supersymmetry?

Seems to imply that emergent supersymmetry was first observed 
in a real physical system more than 30 years ago…
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“Despite extensive searches the Tri-critical Ising quantum criticality and 
the associated supersymmetry has yet to be observed experimentally in 
spin models”           – X. Zhu and M. Franz arXiv:1602.08172
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“Despite extensive searches the Tri-critical Ising quantum criticality and 
the associated supersymmetry has yet to be observed experimentally in 
spin models”           – X. Zhu and M. Franz arXiv:1602.08172

Condensed Matter
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•  In the past few years there has a been a lot of activity, both 
theory and experiment, related to realizing Majorana fermions 
as quasiparticle modes in condensed matter systems

•  The motivation for this is quantum computing, i.e. the ability to 
construct robust qubits

•  This progress may also lead to the first explicit demonstrations 
of supersymmetry in condensed matter

Majorana fermions as qubits
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Majorana zero modes in real systems 

•  The most progress so far is by using semiconductor nanowires, 
proximity coupled to ordinary (s-wave) superconductors

•  Since 2012 at least six groups have presented evidence for 
unpaired Majorana quasiparticles at the ends of nanowires

Mourik et al., Science 2012
(Kouwenhoven's group, Delft)
following proposals by
Lutchyn, Sau & Das Sarma, 
2010;
Oreg, Refael & von Oppen, 
2010.

First possible experimental realization 
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Emergent supersymmetry redux?

•  Recently several groups have tried to revive the idea of 
demonstrating emergent SUSY in a condensed matter system, 
now focusing on the various setups thought to give topological 
superconductors with Majorana quasiparticles

•  They show that this can be done if we assume that one can 
also engineer a strong attractive 4-fermion interaction

T. Grover et al, arXiv:1301.7449
I. Affleck et al, arXiv:1504.05192
X. Zhu, arXiv:1602.08172	  
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The Entanglement Frontier

Long-range quantum entanglement is relevant to a number of situations in 
particle physics:

•  Black holes

•  Neutrino oscillations

•  Possibly the decoupling of dark sectors [ Y. Nakai, Brookhaven Forum ]

There may be fundamental insights to be gained here
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ER = EPR: down the wormhole

•  General Relativity contains solutions in which two distant black holes are 
connected through the interior via a wormhole (“Einstein-Rosen bridge”)

•  These solutions can be interpreted as maximally entangled states of two black 
holes that form an EPR (Einstein-Podolsky-Rosen) pair

•  Propose that this is true in general: any EPR pair can be regarded as physically 
connected via some sort of “quantum” wormhole

•  Since EPR pairs are the basis for quantum communications, this is not idle 
speculation… 

J.	  Maldacena	  and	  L.	  Susskind,	  arXiv:1306.0533:	  	  
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Teleportation through wormholes in the laboratory?

Speculative, but perhaps testable 
in the near future

L.	  Susskind	  and	  Y.	  Zhao,	  arXiv:1707.04354	  	  
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Pilot quantum teleportation experiment at 
Fermilab, partnership with Caltech and AT&T
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Conclusion


