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Particle accelerators
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Step #2:  smash them against each other

this can create a smattering of particles 

Step #3:  detect the debris

Step #1:  accelerate particles to speeds close to the speed of light!

RHIC, BNL
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Particle accelerators
(from a theorist’s perspective)

without theory, there’s no meaning to experiments!
without experiments we do not know which theory is right!
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Step #1:  accelerate particles to speeds close to the speed of light!

Step #5:  deduce what happened in the “crash” from the debris (run the movie backwards)
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electrons are accelerate to speeds close 
to the speed of light 

JLab’s particle accelerator



JLab’s particle accelerator

you too can visit lab and its various experiments!

David Wilson (ex-ODU postdoc)
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these are smashed against a target, 
the debris is detected in particle detectors
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The standard model
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nuclei

 Strong nuclear force [QCD]

Quantum Chromodynamics
“The fundamental theory of the strong nuclear force”

atomic nuclei are composed of 
protons and neutrons

nuclear physics = physics of the 
strong nuclear force 

these interact and are bound together 
by the strong nuclear force

example: 12C, the basis of life, is made 
of 6 protons and 6 neutrons

proton

neutron quarks and gluons, which also interact 
via the strong nuclear force



Heavy ion collisions

Supernova

Stellar evolution

Quantum Chromodynamics
“The fundamental theory of the strong nuclear force”
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confined to color neutral bound states:
 red+blue+green
 red+anti-red
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Quantum Chromodynamics

proton

anti-redred

quarks & gluons carry “color“
quarks come in six different “flavors“

pion

char

“confinement”

up strange charm top

WARNING!

Different flavors have wildly 
different caloric content!

bottomdown



9. Quantum chromodynamics 31

Notwithstanding these open issues, a rather stable and well defined world average
value emerges from the compilation of current determinations of αs:

αs(M
2
Z) = 0.1184 ± 0.0007 .

The results also provide a clear signature and proof of the energy dependence of αs, in
full agreement with the QCD prediction of Asymptotic Freedom. This is demonstrated in
Fig. 9.4, where results of αs(Q2) obtained at discrete energy scales Q, now also including
those based just on NLO QCD, are summarized and plotted.

Figure 9.4: Summary of measurements of αs as a function of the respective energy
scale Q. The respective degree of QCD perturbation theory used in the extraction
of αs is indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to
leading order; res. NNLO: NNLO matched with resummed next-to-leading logs;
N3LO: next-to-NNLO).

July 9, 2012 19:53
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No hierarchy at low-energies

non-perturbative….

Quantum Chromodynamics

confinement?
origin of mass?
formation of matter
… Desperate for a Nobel Prize?



Quantum Chromodynamics

Jose Rodriguez (Skype/Microsoft)



Hadrons
QCD’s rich spectrum

MesonsBaryons

conventional states



molecules

Hadrons
QCD’s rich spectrum

MesonsBaryons

exotics & hybrids

tetraquarks - Belle (2003)glueballspentaquarks - LHCb (2015)

JLab searches:



Hadrons
QCD’s rich spectrum

MesonsBaryons

|niQCD = c0 + c1 + c2 + c3 + · · ·

…but perhaps there is a  hierarchy [.e.g. c0>c1>c2>c3]



Questions?



Lattice QCD 

Ken Wilson Richard Feynman

Virginia’s biggest and 
fastest supercomputer

In summary:
QCD is non-perturbative
Solution: be smart and let computers do the hard work!

the emergence 
of nature



Lattice QCD 
lattice spacing:

a

a ⇠ 0.03� 0.15 fm

more familiar lattices



Lattice QCD 
lattice spacing:
finite volume:

La

a ⇠ 0.03� 0.15 fm

L ⇠ 4� 10 fm

Never free!
No reactions!



La
Advantage over experiment!

Lattice QCD 
lattice spacing:
finite volume:
quark masses

a ⇠ 0.03� 0.15 fm

L ⇠ 4� 10 fm



Peter Higgs
Higgs is responsible for giving 

leptons and quarks mass. 

2012, LHC @ CERN

Francois Englert

the origin of mass



the origin of mass

Survey of different groups:
BMW, LHPC, RBC, & χQCD

RB



the origin of mass



Exp.
-“slightly more precise”

quark masses are 
set to zero

Higgs does not matter!
Only gluodynamics matter!

the origin of mass

800
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⇥ 100 ⇡ 85%
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Searches for glue at JLab
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p

Searches for glue at JLab

resonant, short-lived state
lifetime ~ 10-23 sec



p

live long enough to 
hit your detector

confinement 
& hadronization

Searches for glue at JLab



p
e.g. the presence of 

glue is tied to its 
quantum numbers

deduce its existence 
and properties from 

those of its byproducts

Searches for glue at JLab



�En = hn|V̂ |ni

Reactions from QCD
Puzzle:

Need to use LQCD
Particles cannot be separated
No scattering or reactions in a finite-volume!

Observation #1:

hV̂ i

Observation #2:
Energies are “easily” 
determined in LQCD

reactions/scattering interacting potential



Reactions from QCD

free particles 
in a box

interacting 
particles in a box

Conclusion:

Intuitive example:

the devil is in the details…

repulsive system

bound state

RB, Hansen, Sharpe - (2016)
RB, Hansen - PRD (2016)
RB, Hansen - PRD (2015)
RB, Hansen, Walker-Loud - PRD (2015)
RB - PRD (2014)
RB, Davoudi - PRD (2013)



Questions?
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modeled 
extrapolation…
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Isovector "" cross section

the  ρ resonance
Dudek, Edwards & Thomas (2012)
Wilson, RB, Dudek, Edwards & Thomas (2015)
Bolton, RB & Wilson (2015)
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m"=391 MeV RB, Dudek, Edwards, Thomas, Shultz, Wilson - PRL (2015)
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The isoscalar, scalar sector
[i.e., the quantum numbers of the vacuum]
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is it real?

The isoscalar, scalar sector
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Isoscalar "" cross section
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RB, Dudek, Edwards, Wilson - PRL (2017)

only showing the 
low-energy region!
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the  σ resonance

RB, Dudek, Edwards, Wilson - PRL (2017)



exp.

The σ resonance

2m"

RB, Dudek, Edwards, Wilson - PRL (2017)

the !! are bound inside 
the σ, like protons/

neutrons inside nuclei!
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Jose Rodriguez (Skype/Microsoft)

On QCD: 
“…what we have to do is to calculate the consequences of 
the theory…The mathematics needed to figures what the 
consequences of this theory are have turned out to be, at 
the present time, insuperably difficult…my problem is to 
try to develop a way of getting numbers out of this 
theory, to test it really carefully…I can’t stand it, I have 
to figure it out. Someday, maybe.”

 -Richard Feynman (1981)

31





Lin et al. (2009)
Dudek, Edwards, Guo & Thomas (2013)
Dudek, Edwards & Thomas (2012)
Wilson, RB, Dudek, Edwards & Thomas (2015)
Bolton, RB & Wilson (2015)

The ρ vs m"



Advantage over experiment: 
heavy quarks make broad resonances bound
unambiguously track poles in complex plane  

M(s ⇠ s0) ⇠
g2

s0 � s

g = g(m⇡), s0 = s0(m⇡)

The ρ vs m"



The σ/f0(500) vs m"
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