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Proposed to explain proton structure and properties of other states 
observed at the time


Color charge analogous to electric charge: atoms are electrically neutral 
and hadrons are color neutral (or color singlets)


Another flavor of “light” quarks: strange

d
du

Quarks and hadrons
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J = 1/2

proton = |uudi
u

du
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K+ = |us̄i
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J = 1/2

neutron = |uddi
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Color interactions in QCD
High energy (short distance) limit 

Interactions are weak: quarks are 
“asymptotically free”


QCD is calculable using perturbation 
theory, e.g. Higgs production at LHC


Low energy (long distance) limit 

Interactions are strong and increase with 
distance, so quarks are confined 

QCD is not calculable perturbatively, but 
recent, dramatic progress in lattice QCD


Opportunity to study QCD in strongly 
coupled bound states, i.e. hadrons

11
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Aside: what about nucleon structure?

12

AverettGriffioen
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E&M Strong nuclear  
force: QCDPhotons (gluons) 

mediate forces 
between electric 
(color) charges

Gluon self-interaction 
produces a potential 
that grows ~linearly 
with distance, not 

possible for photons V (r) / r

V (r) / 1

r



Justin Stevens,PHYS309

Confined states of quarks and gluons
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q
qq

qq

mesons baryons

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD

Lattice QCD: Science (2008)
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Confined states of quarks and gluons
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qq

mesons

Nature Review: 1802.08131

Data 
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qq

Confined states of quarks and gluons
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q
qq

qq

mesons baryons

q

q
q

tetraquark pentaquark
q q

q
q                               ...

Phys. Lett. 8 (1964) 214
...

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD
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Do gluonic degrees of freedom 
manifest themselves in the bound 

states we observe in nature?
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q
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g

Confined states of quarks and gluons
Observed mesons and baryons well 

described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD
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Jefferson Lab
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Upgrade maximum electron 
beam energy from 6 to 12 GeV


Add new experimental Hall D 
with a dedicated photon beam
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Experiment

19

Located at Jefferson Lab, only 30 
min. away in Newport News, VA


Photon beam with an energy of 
10 GeV hits liquid hydrogen 
target (protons) and makes “stuff”


Detect everything that comes out!
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Collaboration

112  collaborators 
25 institutions 
9 countries
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Construction (~5 years)
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Identifying particles
How do you know which 
particle you detected? 

Measure electric charge


Interaction with different 
kinds of materials


Measure particle mass

23

⇡+ =
��ud̄

↵
K+ = |us̄i

du su
u

du

proton = |uudi

Mπ ~ 140 MeV MK~ 490 MeV Mp ~ 940 MeV
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Charged particles traveling faster than the speed of 
light in a medium emit Cherenkov light


Wavelength dependence:


Cherenkov angle:


Determine β = v/c with known index of refraction 
n, separate particles by difference in masses

Cherenkov radiation

24

Nuclear Reactor

cos✓c =
1

�n(�)

N� ⇠ 1

�2
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Cherenkov radiation: imaging
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Fused silica 
radiator bar

hni = 1.473

DIRC: Detection of Internally 
Reflected Cherenkov Light 


Image single photons to 
measure Cherenkov angle 


Need large array (~12,000) of 
photomultiplier tubes (PMTs)
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Sensor array constructed by 
team from W&M and MIT


Data analysis ongoing now 
at by W&M group!

26

                DIRC
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                DIRC
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                DIRC

Photon arrival time

Cherenkov Photon “Ring” 

Sensor array constructed by 
team from W&M and MIT


Data analysis ongoing now 
by W&M group!



Justin Stevens,PHYS309

Heavy quark production and detection
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Inclusive: pp ! BX or ⇤BX Exclusive: e+e� ! cc̄

Pro: high rate        Con: messy Pro: controlled     Con: statistics

p
s = 13 TeV

p
s = 2� 4.6 GeV
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qq

q

q
q

tetraquark pentaquark
q q

q
q

Exotic candidates

Physics Viewpoint 6, 69 (2013)

e+e� ! Z+
c ⇡�

<latexit sha1_base64="zBuyQS7Rzp5cET80vBLg4HVh2SE=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxCEkDAjAT0GvXiMYBbMLPR0KkmTnoXuHiUMuXnxV7x4UMSrv+DNv7GzHDTxQcHjvSqq6gUJZ1JZ1rextLyyurae28hvbm3v7Jp7+w0Zp4JCncY8Fq2ASOAsgrpiikMrEUDCgEMzGFyN/eY9CMni6FYNE3BD0otYl1GitOSbR+AVwSthR7BeXxEh4gd851OviJ2EeSXfLFhlawK8SOwZKaAZar755XRimoYQKcqJlG3bSpSbEaEY5TDKO6mEhNAB6UFb04iEIN1s8scIn2ilg7ux0BUpPFF/T2QklHIYBrozJKov572x+J/XTlX3ws1YlKQKIjpd1E05VjEeh4I7TABVfKgJoYLpWzHtE0Go0tHldQj2/MuLpHFWtivlyk2lUL2cxZFDh+gYnSIbnaMqukY1VEcUPaJn9IrejCfjxXg3PqatS8Zs5gD9gfH5AwoRmCY=</latexit>

Z+
c ! J/ ⇡+

<latexit sha1_base64="ZdiC2vFFCCuppkksvZu/aEnJ6Ok=">AAACB3icbVDLSgMxFM34rPU16lKQYBGEQp2Rgi6LbsRVBfvAznTIpJk2NJMMSUYppTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89YcKo0o7zbS0sLi2vrObW8usbm1vb9s5uXYlUYlLDggnZDJEijHJS01Qz0kwkQXHISCPsX479xj2Rigp+qwcJ8WPU5TSiGGkjBfbBXYDbRehJ2u1pJKV4gNcnXqIo9BLaLgZ2wSk5E8B54makADJUA/vL6wicxoRrzJBSLddJtD9EUlPMyCjvpYokCPdRl7QM5Sgmyh9O/hjBI6N0YCSkKa7hRP09MUSxUoM4NJ0x0j01643F/7xWqqNzf0h5kmrC8XRRlDKoBRyHAjtUEqzZwBCEJTW3QtxDEmFtosubENzZl+dJ/bTklkvlm3KhcpHFkQP74BAcAxecgQq4AlVQAxg8gmfwCt6sJ+vFerc+pq0LVjazB/7A+vwBcCqYZw==</latexit>

Nature Review: 1802.08131
Mass (GeV)Z+

c ! J/ ⇡+

<latexit sha1_base64="ZdiC2vFFCCuppkksvZu/aEnJ6Ok=">AAACB3icbVDLSgMxFM34rPU16lKQYBGEQp2Rgi6LbsRVBfvAznTIpJk2NJMMSUYppTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89YcKo0o7zbS0sLi2vrObW8usbm1vb9s5uXYlUYlLDggnZDJEijHJS01Qz0kwkQXHISCPsX479xj2Rigp+qwcJ8WPU5TSiGGkjBfbBXYDbRehJ2u1pJKV4gNcnXqIo9BLaLgZ2wSk5E8B54makADJUA/vL6wicxoRrzJBSLddJtD9EUlPMyCjvpYokCPdRl7QM5Sgmyh9O/hjBI6N0YCSkKa7hRP09MUSxUoM4NJ0x0j01643F/7xWqqNzf0h5kmrC8XRRlDKoBRyHAjtUEqzZwBCEJTW3QtxDEmFtosubENzZl+dJ/bTklkvlm3KhcpHFkQP74BAcAxecgQq4AlVQAxg8gmfwCt6sJ+vFerc+pq0LVjazB/7A+vwBcCqYZw==</latexit>
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⇤b ! J/ pK�

qq

q
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q

tetraquark pentaquark
q q

q
q

Exotic candidates

pp ! ⇤B + stuff

<latexit sha1_base64="Mt1o7/ukJfZk6L8HhRdhoej+9ks=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQZelbly4qGAf0IQwmUzaoZMHMzdKCd268VfcuFDErX/gzr9x2mahrQcGDufcw517/FRwBZb1bZRWVtfWN8qbla3tnd09c/+go5JMUtamiUhkzyeKCR6zNnAQrJdKRiJfsK4/upr63XsmFU/iOxinzI3IIOYhpwS05Jk4TbEj+WAIRMrkATs3OhsQr4nPsIIsDD2zatWsGfAysQtSRQVanvnlBAnNIhYDFUSpvm2l4OZEAqeCTSpOplhK6IgMWF/TmERMufnskgk+0UqAw0TqFwOeqb8TOYmUGke+nowIDNWiNxX/8/oZhJduzuM0AxbT+aIwExgSPK0FB1wyCmKsCaGS679iOiSSUNDlVXQJ9uLJy6RzXrPrtfptvdpoFnWU0RE6RqfIRheoga5RC7URRY/oGb2iN+PJeDHejY/5aMkoMofoD4zPH3EKmYg=</latexit>
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Exotic candidates
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 BR=2.9%-(4312) 3/2+
cJPAC P

 BR=1.6%-(4440) 3/2+
cJPAC P

 BR=2.7%-(4457) 3/2+
cJPAC P
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⇤b ! J/ pK�
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q
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q q
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q

                :use a real photon beam to produce exotic hadrons 

Recent: limits on “pentaquark” seen at LHC
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The Future: Electron Ion Collider

33

Versatile high luminosity, polarized e+p and e+A collider to explore:


Nucleon spin and 3D structure


High gluon density and saturation


Construction could start in ~5 years with data in ~2030(?)

Endorsed by recent 
NAS report

https://www.bnl.gov/newsroom/news.php?a=116998
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Backup

34
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Road trip!

35
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                DIRC upgrade
Loading of 1st BaBar bar box at SLAC

@GlueX_DIRC

Delivered safely to JLab in November 2017

https://twitter.com/GlueX_DIRC
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Double Slit Experiment
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Physical Model:
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Particle physics “many slits”
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Step 1: Create 3 pions in 
some collision

Probe: 3 pions which can form 
heavier particles X, Y or Z

Goal: determine properties 
of X, Y, and Z

Physical System Under Study: 

intermediate particles X, Y, and Z Detector: Measure mass of 3π 


system for each collision

Step 2: For each collision record 
the mass of the 3π system

X

Y

Z

X
Y

Z

M
as

s o
f 3

π 
sy

st
em

 

I(M) =

������

X

i=X,Y,Z

ViAi(M)

������

2
Physical Model:

π

Intermediate  
Particles

π
π
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Amplitude Analysis
Simulation

1++

2++

2-+

1-+
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Amplitude Analysis
Goal: Identify JPC of X → π+π-π+


Model the intensity of events at the 
level of QM amplitudes (allow for 
interference)


5-dimensional problem: two new 
angles at each decay step (X and I)

40~10% ~5% 

Example Intensity:

X(1++)
! ⇢⇡� (S wave)

⇢ ! ⇡+⇡�

⇢⇡+ (S wave)

X ! ⇢⇡+


