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•Determination of hadron spectrum of Quantum Chromodynamics (QCD) a central goal in NP 

• Several experiments worldwide
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• JLab finishing a $338M upgrade

- Doubled beam energy 
- Added new Hall D  (GlueX)
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Photon “twacking” a quark-antiquark pair excites the quarks and the glue

+ +
- Analogous to ringing a bell

- Can produce an unseen state of matter of quarks and gluons - exotics

Quantum Chromodynamics (QCD) suggests fundamental particles composed of quarks
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 MESONS 

J=0,1,2,… 
Isospin ≤ 1 
|strangeness|≤ 1 

• Hadrons classified by their conserved quantum numbers 
• Spin, isospin, parity, strangeness, charm, … 

 BARYONS 

J=1/2, 3/2, 5/2, … 
Isospin ≤ 3/2 
|strangeness|≤ 3 

QUARKS
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ISOSPIN=1 MESON SPECTRUM

• Mesons classified by their conserved quantum numbers 
• Spin, isospin, parity, charge-conjugation      JPC 
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ISOSPIN=1 MESON SPECTRUM

?

• Mesons classified by their conserved quantum numbers 
• Spin, isospin, charge-conjugation      JPC 
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ISOSPIN=1 MESON SPECTRUM

the constituent 
quark picture

?

n.b. 
absent: 

• Mesons classified by their conserved quantum numbers 
• Spin, isospin, charge-conjugation      JPC 
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NON-EXOTIC MESONS

 If we can find “Smoking gun signature”
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NON-EXOTIC MESONS

 If we can find “Smoking gun signature”

Previous expt. searches 
conflicting

-Motivation for GlueX

Many models - 
different/conflicting 
predictions

Need theoretical 
guidance from QCD
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• First-principles numerical approach to the field-theory

CUBIC LATTICE

- Evaluate correlation functions 

via Monte-Carlo sampling of path-integral

on a finite cubic grid

» in principle recover physical QCD as

» practical calculations often use

» large scale computational problem ...

‘sum ‘field ‘probability 

e.g
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• How to get at excited QCD eigenstates ?

- optimal operator for state           : 

for a basis of 
meson operators

- can be obtained (in a variational sense) from the matrix of correlators 

- by solving a generalized eigenvalue problem

eigenvalues

- a large basis can be constructed using covariant derivatives : 

‘diagonalize the 
correlation matrix’
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• Appears to be some qq-like near-degeneracy patterns
_

PRL 103;  PRD 82, 88
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EXOTIC MESONSMultiple exotic mesons within range of GlueX

PRL 103;  PRD 82, 88
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• Subtract the ‘quark mass’ contribution
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• Subtract the ‘quark mass’ contribution
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- Common energy scale of gluonic excitation
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• Most hadrons are resonances

E (MeV)

• Properties determined from scattering amplitudes of particles 
- E.g.,  πN πN
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Resonances

17

• Most hadrons are resonances

• To compare directly with experiment, must determine decay modes

Re(E)

Im(E)• Amplitudes described by poles in complex plane 
- Pole structure gives decay information

E (MeV)

• Properties determined from scattering amplitudes of particles 
- E.g.,  πN πN
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ρ resonance as 
enhancement in  
ππ scattering



OLCF 2015

Resonances -  the “ρ” 
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RESONANT PHASE SHIFT

PARTIAL WAVE AMPLITUDE
angular 

dependence
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• Need correlation functions - and hence operators - that resemble scattering

p

p
rrr

p

p

p

p

• Computing “propagators” (solving large sparse linear system) — expensive

• ALCC:  Solved with new algorithms & lots of flops 

- GPU-based inverters 

- Algebraic Multigrid inverters for CPUs 

- GPU-based contraction codes - pipelined “zgemms”

• Large number (combinatorics) of contractions - expensive
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Generate the 
configurations 

!  Leadership level 
!  60K cores, 10’s TF-yr 

Analyze 
100K copies 
4 Kepler GPUs +

t=0 t=T 

Propagators 

Q[U ]�1

t=0 t=T 

Contract  
•  8 cores, CPUs Correlators 

100K – 1M copies 

Few big jobs 
Few big files 

Many small jobs 
Many big files 

I/O movement 

Now also AMG! 

1.0

1.5

2.0

2.5

3.0



OLCF 2015

LQCD workflow

22

Generate the 
configurations 

!  Leadership level 
!  60K cores, 10’s TF-yr 

Analyze 
100K copies 
4 Kepler GPUs +

t=0 t=T 

Propagators 

Q[U ]�1

t=0 t=T 

Contract  
•  8 cores, CPUs Correlators 

100K – 1M copies 

~25% 

   > 5% 

~75% 

New analysis cost 

Leadership level 

Throughput mode 
Now also AMG! 
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Fahy, et.al.  arXiv:1410.8843

Can you find a resonance?
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PRELIMINARY … to appear soon

Clearly a resonance!
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Extracting resonances from finite-volume spectra  
computed in lattice QCD looks promising …
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Extracting resonances from finite-volume spectra  
computed in lattice QCD looks promising …
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• Example of coupled-channel scattering 

• More extended basis of operators

PRL 113 182001 
PRD 91 054008
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• Example of coupled-channel scattering 

WICK CONTRACTIONS

• More extended basis of operators

PRL 113 182001 
PRD 91 054008

Large combinatoric factors - contractions expensive
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• Resonance pole locations extracted as well as decay amplitudes

-500

-300

-100

 600  800  1000  1200  1400  1600

broad scalar 
resonance

narrow tensor 
resonance

vector 
bound-state

scalar 
virtual 
bound-state

PRL 113 182001 
PRD 91 054008

-Must carry this on to smaller pion masses - closer to “reality”
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• Experiments have to look at many decay channels

pppE.g., scattering of 

COMPASS

Non-exotic Scale ~ 10000
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• Experiments have to look at many decay channels

pppE.g., scattering of 

COMPASS

Non-exotic Scale ~ 10000

- Amplitude for exotics are very tiny compared to background ~  5%

Exotic
Scale ~ 800

Goal - compute decay amplitudes!
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...

Approved expt: second phase of GlueX program
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NSAC report prominently featuring exotic meson spectroscopy project

Science case for JLab CLAS12 expt

New NSAC report in writing now…
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• Spectroscopy program maturing     (I was told many times 
• First phase: 

- Unphysical pion masses, have a glimpse of the QCD spectrum 

- See evidence of non-exotic and exotic mesons - suggests hybrids 
➡ Has had direct impact on JLab expt. program

• Have demonstrated viability to determine decays in fairly simple systems 

• Near term goals 

- Use multiple volumes at mπ ~230MeV and 391MeV to help disentangle decays 

- Tackle exotics as a part of our new ALCC 
➡ Knowledge of even size of branching fractions useful for expt. analysis


